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Elektronski spektrometri na magnetno steklenico s fotonskim vzbujanjem so se v
zadnjih 40 letih uveljavili kot koristno orodje za raziskave večdelčnih razpadov no-
tranjih vrzeli v atomih in molekulah. V disertaciji poročamo o različici spektrometra,
kjer smo za vzbujanje tarče prvič uporabili elektrone. Elektronski vir smo usmerili
vzdolž glavne osi spektrometra, tako da 3–5% delež elektronov preleti kanal v jedru
iz mehkega železa, ki v tarčo usmerja magnetno polje z gostoto 600mT. Kratke,
nanosekundne sunke elektronov, ki so potrebni za delovanje spektrometra, smo pri-
pravili s hitrim odklanjanjem stalnega žarka preko majhne odprtine na izhodu iz
elektronskega vira.
Z numeričnimi modeli smo simulirali delovanje posameznih komponent spektro-
metra in rezultate primerjali z meritvami. Pri tem se je pokazalo, da je za optimalno
delovanje spektrometra ključna natančna poravnava vseh njegovih komponent: ele-
ktronskega vira, sistema permanentnih magnetov, usmerjevalnega šibkega magne-
tnega polja ter detektorja za elektrone.
Poročamo o prvi študiji z novim spektrometrom, kjer smo opazovali sipanje elek-
tronov s kinetično energijo 800 eV na argonu. V energijskih spektrih sipanih, izbitih
in Augerjevih elektronov, ki smo jih preračunali iz njihovih časov preleta, se jasno
vidi nekaj izrazitih struktur: ionizacijska vrhova 3p in 2p ter signal Augerjevih ele-
ktronov L-MM. Meritve pokažejo, da je energijska ločljivost okrog 1.5%, pri čemer
je pot, ki jo preletijo elektroni dolga približno 2 m. Z analizo dvo-, tro- in štiriele-
ktronskih koincidenc smo dodatno zmanjšali ozadje in iz meritev razločili še nekaj
šibkejših spektralnih komponent, ki pripadajo kompleksnejšim razpadnim procesom,
recimo razpadu vrzeli 2s s prehodom Coster-Kronig, kjer atom odda 4 elektrone z
različnimi energijami, in sicer tako, da se ohranja vsota energij.
Primerjava s teoretičnim modelom sipanja elektronov BEB kaže dobro ujema-
nje z našimi meritvami. Iz rezultatov analize sledi, da je povprečna verjetnost za
detekcijo elektrona, ki se izseva v tarči, okrog η ≈ 0,23 in je dokaj neodvisna od
energije na območju od 0 do 0,8 keV. Številka je nekoliko nižja od tistih v literaturi,
kjer spektrometri na magnetno steklenico s svetlobnim vzbujanjem dosegajo izkori-
stek 70%. Razlika je posledica uporabe dokaj razsežne plinske tarče pri vzbujanju
z elektroni ter nepopolne poravnave posameznih komponent spektrometra.
Ključne besede: elektronska spektroskopija, spektroskopija na čas preleta, veče-
lektronske koincidence
PACS: 07.81.+a, 34.80.Dp, 39.30.+w

Abstract
In the last 20–30 years the magnetic bottle electron spectrometer (MBES) has be-
come a well established tool to research many-particle inner-shell vacancy decay by
multi-electron coincidence methods in atoms and molecules. We report on a new
version of such a spectrometer that we have designed at our laboratory where for
the first time, instead of photons, electrons are used as the excitation source. This
was achieved by positioning the electron source behind the permanent magnet se-
tup aligning it parallel to the spectrometer axis which allowed 3–5% of electrons
to pass through a channel in the soft iron core that concentrates the magnetic field
lines towards the target region achieving a magnetic field density of 600mT. Short,
nanosecond electron pulses, necessary for the operation of the spectrometer, were
produced by sweeping the continuous beam across a narrow aperture at the electron
source exit.
Using numerical models we simulated how the different apparatus components
would perform. These findings pointed out that careful alignment of all the com-
ponents (the electron source, the permanent magnet set-up, the drift field and the
electron detector) is crucial in optimizing the performance of the spectrometer.
We report on the first experiment using the new spectrometer, where 800 eV
electrons were scattered on argon. In the scattered, emitted and Auger electron
kinetic spectra, which were calculated from electron time of flights, we can clearly
distinguish several characteristic features: 3p and 2p ionization peaks and the L-
MM Auger signal. From the results we estimate the energy resolution of 1.5%
after the electrons travel along the 2m long drift tube. By analyzing two-, three-
and four-electron coincidences we reduced the background further and resolved a few
additional weaker spectral components that belong to more complex decay processes,
such as the Coster-Kronig 2s vacancy decay, where the atom ejects four electrons
with different energies in such a way, that the sum of their energies remains constant.
Comparison to the theoretical BEB (Binary-encounter Bethe) scattering model
showed agreement with our experimental data. The total electron detection effici-
ency η ≈ 0.23 was found to be constant in the investigated 0–0.8 keV energy range.
This is somewhat lower than reported for other MBES set-ups where a practically
70% efficiency is assumed. The discrepancy is most likely due to a relatively large
target volume and the remaining spectrometer misalignment.
Keywords: electron spectroscopy, TOF spectroscopy, electron-electron coinciden-
ces
PACS: 07.81.+a, 34.80.Dp, 39.30.+w
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Electron spectroscopy is one of the most useful techniques for studying matter on an
atomic scale. One can trace its origins back to 1887 when Heinrich Hertz discovered
that a charged object loses its charge when illuminated by ultraviolet radiation.
This effect, dubbed the photoelectric effect, was explained in terms of light quanta
by Albert Einstein in 1905 for which he received the Nobel prize in physics in
1921. Through the decades, the field has grown and expanded into a wide array
of applications in different fields of physics and chemistry. One of the fathers of
this technique, Kai Siegbahn received the 1981 Nobel prize in physics for his ESCA
(Electron spectroscopy for chemical analysis ), technique, noting that small spectral
shift of photoelectron peaks are related to the chemical surrounding of the ionized
atom.
In the most general of terms, we may think of electron spectroscopy (ES) in the
following way: The target atoms, molecules or structures are excited into a higher
energy state by interacting with photons, electrons, ions or other particles. If the
projectile energy is above the first ionization threshold, it may knock out one or more
electrons from the sample, ionizing it. The excited state will eventually decay by
emission of photons(s) or/and so-called Auger electron(s). Collecting ejected and/or
scattered electrons and sorting them according to the measured kinetic energy yields
electron spectra. The spectra offer information on the atomic/molecular structure as
well as on decay dynamics and depend also on the projectile type as the interaction
with atomic electrons has a different effect for photons, electrons or other projectile
particles.
Slika 1.1: A schematic electron spectroscopy set-up.
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One of the main challenges in implementing electron spectroscopy is designing
a system to successfully collect and detect the electrons and build up a spectrum.
There exists a whole family of electrostatic analyzers (Fig. 1.2), where a carefully
crafted electric field is used to guide the electrons and allow only those with a specific
energy to pass to the detector. If a position sensitive multi-channel plate detector
detector can be used, different positions on the detector correspond to different elec-
tron energies. That way the electrons with a range of kinetic energies are observed in
parallel, allowing for shorter acquiring times. All electrostatic analyzers suffer from
Slika 1.2: Three typical examples of electrostatic analyzers. Top left : Parallel plate
analyzer, bottom left : cylindrical mirror analyzer, right : hemi-spherical analyzer.
Images taken from [1].
the same problem: they cover a relatively narrow acceptance angle which, while ma-
intaining angular resolution, limits collection efficiency. For example, commercially
available state-of-the-art electron analyzers from Scienta cover at most an emission
angle of 20–30◦ [2] corresponding to a few percents of the solid angle. To be fair,
when one wishes to perform angulary resolved experiments, good angular resolution
and spectral selectivity are desired, but when studying rare processes in atoms and
molecules, angular resolution is usually not an option because it would demand an
unrealistic amount of time to build up the spectrum. One might think that simply
enlarging the entrance slit width s of a given electron analyser without changing the
typical instrument size S would solve this problem. As it turns out [1, 3], this would






Achieving good energy resolution together with good electron collection efficiency is
thus a non-trivial challenge of electron spectroscopy.
20
In the 1950s, researchers studying nuclear fusion started using strong, axially
symmetric magnetic fields to form so-called magnetic mirrors for high temperature
plasma confinement [4]. As charged particles move into a region where the magnetic
field is increasing in such a way, that magnetic field lines are converging into a
point, the particles would be reflected away. This phenomena takes place in the
Earth’s magnetosphere, where charged cosmic rays can be reflected or trapped by
the magnetic field resulting in the so-called Van Allen radiation belt. Disturbances
in the magnetosphere may cause these charged particles to leak into the upper
atmosphere causing ionization tracks that appear as a visible aurora in the night
sky [5].
Slika 1.3: Left : Earth’s Van Allen radiation belts. Right : Northern lights over
Estonia. Images taken from [6, 7].
Putting two such mirrors opposite to each other makes the plasma bounce from
both of them, forming a magnetic trap. The pioneers in applying these principles
to electron collection were Hsu and Hirshfield in 1976 [8] and Beamson et al. in
1980 [9] with a theoretical discussion on the advantages of using inhomogeneous
magnetic fields in photoelectron spectroscopy. Using magnetic fields in this regard
is favourable as the magnetic force exerts no work upon the electrons and their
kinetic energies are preserved. These efforts culminated in the seminal work by
Kruit and Read [10] in 1983 with the with presentation of the first magnetic bottle
electron spectrometer (MBES). The MBES uses a divergent and strong permanent
magnetic field to parallelize trajectories of emitted electrons and guide them along
a drift tube towards the detector where their arrivals are time-stamped.
The MBES can be compared to the COLTRIMS (COLd Target Recoil Ion Mo-
mentum Spectroscopy) technique, used to measure the fragmentation of a few body
system [11]. After a photon impact the electrons and positively charged ions are
separated by an electric field and guided towards two position sensitive detectors by
a magnetic field (see Fig. 1.4). From the measured time of flight and the position
of the impact it is possible to determine the momenta of emitted particles thereby
thereby allowing for detailed kinematic studies of projectile-target interactions and
subsequent decays and fragmentations. MBES can be thought of as a simplified
version of COLTRIMS. Using a magnetic gradient in the target region instead of
homogeneous magnetic field eliminates the need for a electric field to guide the emit-
ted particles towards the detector. This also makes recorded MBES spectra simpler
to analyze as one does not need to account for any corrections due to the E-field.
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Slika 1.4: The COLTRIMS principle. Image taken from [12].
Because COLTRIMS resolution relies heavily on the knowledge of the initial mo-
menta of the atomic fragments, the gaseous target must be cooled down using either
a supersonic gas-jet or magneto-optical traps to minimize the thermal movements.
The conservation of momentum then allows the reconstruction of final particles mo-
menta in the laboratory frame whereas the MBES yields only spatially integrated
kinetic spectra without any angular resolution.
Another technique comparable to MBES in terms of trajectory paralellization
is the velocity map imaging (VMI), where after excitation a static electric field
parallelizes electron trajectories producing an image on the detector from which
one can reconstruct the initial angular distribution and kinetic energy of emitted
electrons with a spectral resolution of a few percents [13], similar to MBES but with
more information than just the kinetic energy. To avoid the split of energy levels
due to the Stark effect, there is a limit to the magnitude of the guiding electric
field which limits the collection of electrons to a few 100 eV. For VMI to work, the
observed angular distribution must be symmetrical about the vector of polarization
of the incident photons and it is not suitable for the electron-electron coincidence
measurements.
This dissertation continues with a brief introduction to the main concepts of ato-
mic physics that will serve as a necessary frame within which we can further discuss
theory and experiment. The theory of electron scattering on atoms will be explo-
red in more detail with the binary-encounter Bethe model enabling calculation of
electron-atom ionization cross-sections. These are crucial in order for us to correctly
calibrate and interpret our spectrometer data. After a brief account on the Auger
decay spectra we expect to record, chapter 2 ends with an overview of electron scat-
tering experiments on argon. Chapter 3 begins with a description of the principle
of operation of the MBES and its properties following up with a detailed report of
the design of the first electron-driven MBES. Every component of the new device
is presented separately, starting with production of electron pulses and ending with
electron detection scheme.
Chapter 4 is one of the two main parts of this work. After a brief description of
the numerical methods used to calculate the magnetic fields and particle trajecto-
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Slika 1.5: An experiment by O’Keeffe et al. [13] utilizing the VMI technique. A
helium target was first excited by a synchrotron beam and then ionized using a
Ti:Sapphire laser. The angular distributions of photoelectrons (red clouds) were
then reconstructed from measured hit positions on the detector.
ries, results of simulations and testing are presented and compared side-by-side to
evaluate the spectrometer performance. Special care is given to how the apparatus
maps electrons from the magnet tip to the detector considering different types of
spectrometer misalignments that affect the MBES operation.
In chapter 5 I present the measurements performed on an argon target using a
800 eV electron beam to show the electron-driven MBES in operation. Unconditional
and two-, three- and four-electron coincidence spectra are analyzed. A comparison
to the BEB theoretical model is made validating the results and also helping to
determine the spectrometer electron detection efficiency.
The work is concluded with a discussion on the advantages and shortcomings of








In non-relativistic quantum mechanics the atom is described by the steady-state
Schrödinger equation in which the Hamiltonian operator H acts upon the atomic
state ψ
H |ψ〉 = E |ψ〉 , (2.1)
where E is the energy of the said state. The atomic Hamiltonian consists of three




















ξili · si. (2.2)
We have designated ri as the distance between the electron i and the nucleus and rij
as the distance between electrons i and j. In the non-relativistic approximation H
also includes spin-orbit interaction, the last term on the left, which is a relativistic
effect. The first term in equation 2.2 can be rewritten in spherical coordinates. For
















li being the single-electron total orbital angular momentum operator. The above
equations are written in atomic units that are introduced in Appendix A and are used
throughout this Chapter. Exact eigenfunctions can be found only for the simplest
atom, hydrogen. For other atoms, electron interaction with all other electrons is
usually approximated by an effective spherically symmetric potential which screens
Coulomb potential of the nucleus. The atomic eigenfunction is then expressed as
a linear combination of single electron wavefunctions written as a product of the




Pnili (ri)Ylimi (Ωi)χ (msi) . (2.4)
The form of radial functions depends on the effective potential which in turn depends
on the radial functions. Occupied orbitals and vacancies are described by quantum
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spectr. not. 1s1/2 2s1/2 2p1/2 2p3/2 3s1/2 3p1/2 3p3/2
X-ray not. K L1 L2 L3 M1 M2 M2
bind. ene. [eV] 3205.9 326.3 250.6 248.4 29.3 15.9 15.7
Tabela 2.1: Argon single electron states with corresponding energies taken from [14].
Our experiment is not able to probe the K shell.
numbers that are used to describe electrons in the hydrogen atom. A single vacancy
with respect to the closed shell configuration is denoted by niliji where spin 1/2 is
coupled to the orbital angular momentum of the vacancy li to form the total angular
momentum ji, which is a good quantum number of an isolated atom. In table 2.1
single vacancies in argon are arranged in order of decreasing energy needed to create
the vacancy in the usual atomic orbital and X-ray notation.
An often used method to approximating wave functions of many-body quantum
systems is the Hartree-Fock (HF) method, where one utilizes the variational principle
to find the most suitable atomic wavefunction. HF approach can be expanded taking
relativistic corrections into accont giving rise to the Dirac-Fock (DF) method and
including configuration interactions gives the popular multi-configurational Dirac-
Fock (MCDF) [15]. MCDF is implemented by different calculation packages such
as the General Atomic Relativistic Atomic Structure Package (GRASP).
2.2 Electron scattering from argon
We start with an electron with momentum k0 impinging on an atom containing Z
electrons. The atom is in its ground state ψ0 with the corresponding ground state
energy E0 = 0. The electron scatters with momentum kn, leaving the atom in an
excited state ψn and the energy of the state is denoted by En. If the electron transfers
no energy to the atom (En = 0 and kn = k0), the collision is said to be elastic. The
atom remains in its ground state and the electron only changes the direction of its
trajectory. On the other hand, an electron can ionize the atom ejecting one or more
electrons from the said atom.
We define the doubly differential cross section (DDCS) d2σ/dΩ/dE1 for a detec-
tor positioned in the direction (θ, φ) and occupying a small solid angle dΩ as the
ratio of electrons with kinetic energy E in the interval dE that are scattered into
the detector per unit time and the flux density of incident electrons. To acquire the
total cross section for electron scattering with initial kinetic energy T one integrates
the DDCS over the solid angle and the energy of the detected electron:





Ionization produces secondary electrons and their energy spectrum is related to the
double-differential cross section d2σI/dΩ/dE2, E2 being secondary electron energy.
Integrating over E2 yields the single differential cross section (SDCS) with respect










2.2. Electron scattering from argon
with B standing for the binding energy of an electron in a given atomic shell. Taking
only the ionization events into account, it is in principle impossible to distinguish
between the scattered and ejected electrons. In this case E1 and E2 are interchange-
able and DDCS must be calculated by summing up a direct and exchange scattering
amplitude. The later contribution becomes important if the energy loss of the pro-
jectile is not small compared to the binding energy of the atomic shell. In our
experiment we aim to cover the whole solid angle and the more relevant quantity is
the electron spectrum at given kinetic energy, proportional to the SDCS, differential








We now return to the case, where the initial electron caused the electronic tran-
sition to an excited state |n〉. For sufficiently fast electrons, i.e. with a velocity much
higher than the mean orbital velocity of atomic electrons, but still non-relativistic,
the cross-section σn for such a scattering can be calculated using interaction V








|〈n|V |0〉 |2. (2.8)
The reduced mass of the system is denoted by µ = M/(1 + M) ≈ 1, r denotes the
position of the impacting electron relative to the center of mass (i.e. the nucleus);
|0〉 and |n〉 are eigenfunctions of the atomic electrons in the ground and n-th excited
state respectively. In the plane-wave Born approximation (PWBA) the incident and
departing electrons are approximated by plane waves. We see that now the integral
over r depends only on exp (iK · r) · V .
In our case the interaction V is Coulombic and can be written as









The first part describes the interaction of the impinging electron with the atomic
electrons and the second represents the interaction between the electron and the
atomic nucleus. Integrating over r∫
eiK·r
|r− rj|
dr = 4πK−2eiK·rj , (2.10)








|εn (K)|2 , (2.11)
where the matrix element is defined as









/ (k0kn) , (2.13)
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We define Q = K2/2 which corresponds to the energy transferred from the electron








Taking out |εn (K)|2 from 2.15, we are left with the Rutherford cross section for the












and |ε (K)|2 is evidently the atomic form factor modulating 2.16. It is the correction
to the Rutherford formula that accounts for the fact that the electron scatterer is
















which is proportional to the photoabsorption cross section.
Expanding 2.12 into a Taylor series and taking only the first order [16] we get
lim
K→0
fn (K) = fn. (2.19)
This relation establishes a correspondence between photoabsorption and electron
scattering in the forward direction (θ = 0) when the energy loss is small. As one










fn (K) . (2.20)
Up to this point we have discussed inelastic collisions where the atom ends up in
an excited state. We can generalize 2.20 to excitations to continua which happens
when an atom is ionized. Then En no longer holds discrete values but becomes a
continuous variable E so we write the doubly differential cross section for ionization
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|εE,Λ (K) |2 (2.22)
and




Here Λ denotes a set of all the relevant quantum numbers, such as the angular
momenta, of the final electronic states in the continuum |E,Λ〉. Combining 2.17














|εE,λ (K ′)|2 δ (E − E ′) .
Equation 2.24 expresses the generalized oscillator strength for electron-atom scat-
tering. The first part describes the discrete inelastic collisions and the second part
describes ionizations into continuum.
A successful approach in calculating the scattering cross section is the so-called
binary-encounter Bethe (BEB) model. In the BEB model dσ/dE is proportional to
df/dw which is in turn proportional to
df
dw
∝ (1 + w)−2 , (2.25)
where w = E/B and B is the binding energy. Note that 2.25 holds for w  1
as it stems from taking only the lowest order in the df/dw expansion in a Taylor
series [17]. The BEB model suggests that smaller energy transfers are more likely so
that we would expect more low energy secondary electrons. This has been confirmed
experimentally, for example by DuBois and Rudd [18], see Fig. 2.2. In this model the
ionization cross section for an atomic subshell i with the orbital occupation number

















with Si = πNiB−2i , t = T/Bi and u = Ui/Bi, Ui being the average orbital kinetic







= Fn (t) [fn (w) + fn (t− w)] , (2.27)
where
fn (w) = (w + 1)
−n , fn (t− w) = (t− w)−n ,
F1 (t) = −
F2 (t)
t+ 1
, F2 (t) =
2− P
t+ u+ 1
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Slika 2.1: Singly differential cross section of Ar as measured by DuBois and Rudd [18]
by 500 eV electron scattering. The plot is symmetric around 250 eV; for every low
energy secondary electron there is a corresponding scattered electron at a higher
energy. Dots and crosses represent two sets of measurements and the dashed and
solid lines denote a model curve for ejected electrons or ejected and scattered elec-
trons, respectively. The model is based on the first Born approximation and was
calculated by Manson in a way similar to BEB approach [19].
It is usually assumed that Ui = Bi and P = 1.
2.3 Auger decay
An excited atom or ion with an inner-shell vacancy is not stable and decays over
time with an electron from a higher level filling the inner vacancy. The energy gain
can be spent by ejecting a more weakly bound electron from the system. This is
commonly known as the Auger process and it shows up as a set of discrete peaks
in the electron energy spectra. Auger transitions are denoted by A-BC following
the X-ray notation, which signifies a vacancy created initially in shell A, filled by
an electron from shell and ejecting an electron from shell C. For example, if the
2p1/2 vacancy is filled by an electron from the 3p1/2 state and an electron from 3p3/2
is ejected, this is denoted as a L2 - M2M3 decay. The Auger decay rate can be
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Slika 2.2: Argon 2p and 3p BEB ionization cross sections as a function of the kinetic
energy T of the projectile calculated by 2.26. Contrary to photoionization where the
cross section reaches its maximum at the ionization threshold, the electron impact
ionization is most effective when T ∼ 4B.
































in the usual 〈|| ||〉 notation. The abbreviation ĵ = 2j + 1 is used here along with
curly brackets denoting the 9-j symbol. Selection rules for the scalar operator 2.30
dictate conservation of the orbital, spin and the total angular momentum, as well
as the parity in the Auger transition:
∆L = ∆S = ∆J = 0 and πi = πf. (2.31)
Nevertheless, as opposed to radiative decay, these selection rules only partially limit
the accessible final ionic states specified by quantum numbers βf, Lf and Sf, as the
ejected electron can leave carrying different orbital angular momenta.
Auger transition energies and rates between states can be modeled by different
numerical packages. In this work I used the RATIP (Relativistic Atomic Transition
and Ionization Properties) program [20], which can take the initial and final states
calculated by GRASP as an input.
31
Poglavje 2. Physical framework
In addition to the described basic Auger mechanism there exist a number of
variations. It is possible for an ion to have more than one vacancy. Most probably the
additional vacancy is in the valence shell and leads to the weaker Auger transitions -
the satellite lines which are shifted from the main Auger lines corresponding to decay
of a single inner shell vacancy. There is a low probability that electron scattering
would produce two holes in inner atomic shells. Auger transitions from such states
are very weak and lead to the so called hypersatellite spectral lines.
Generally, emission of Auger electron is not isotropic. However, MB in principle
collects electrons over the whole solid angle and the yield of Auger electrons is
proportional to the total Auger cross section. This is equal to the product of the
nili shell ionization cross section and the branching ratio Γi→f/(
∑
f Γi→f + Γr) for
Auger decay into a given final state. Γr denotes the radiative decay rate of the initial
vacancy nili.
The atomic vacancy can also be filled via radiative decay where a photon is
emmited. Auger decay and fluorescence are competitive processes with the latter
prevailing for heavier atoms and core vacancies. An L vacany in Ar decays almost
completely through the Auger channel and we expect practically no loss of signal
due to decay branching into the radiative channel [21].
2.4 Expected spectra
The spectra of electrons, emitted from the target region at a given initial electron
kinetic energy T are expected to be a superposition of three components:
1. A strong elastic peak produced by electrons that did not interact with the
target or have scattered elastically, followed by sharp peaks at projectile energy
losses corresponding to electronic excitations of the valence shell. When T
is above the lowest ionization potential, a continuous spectrum of scattered
electrons is expected that have lost at least energy B due to ionization.
2. Electrons that have been directly knocked out of the atom by the primary
electrons. Ideally, this component should completely correspond to the energy-
loss yield if one disregards non-ionizing excitations. For every primary electron
with initial and final kinetic energies T and E1, one expects to detect an ejected
electron with energy E2 = T − E1 − B where B is the binding energy of the
ejected electron. Looking at two-electron coincidence plots where one axis
represents the energy of the scattered and the other the energy of the ejected
electron one observes diagonal lines with different offsets so that E1 + E2 =
T − B is constant. Each of these correspond to one of the excitation edges,
where the electrons have share the available energy.
3. Auger electron spectra, where the line positions do not depend on the energy
loss of the projectile. In two-electron coincidence plots these show up as ho-
rizontal or vertical lines because in this case the Auger electron is detected in
coincidence with the scattered or ejected electron, that both have continuously
distributed energy.
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Slika 2.3: Electron energy loss on argon, recorded with electron projectiles having
kinetic energy 500 eV. Figure taken from [22]. Following the elastic peak at T we see
a sharp edge at 250 eV corresponding to 250 eV ionization potential of the argon 2p
shell. At ∼ 200 eV we also observe the argon L-MM Auger multiplet. The spectrum
was recorded using a hemi-spherical electron analyzer [23].
2.5 Overview of scattering experiments on argon
Noble gases are a popular choice of target for basic research in atomic physics due
to several reasons. They are monoatomic and at lower pressures the atoms can be
considered isolated and not affecting each other. Their total angular momentum in
the ground state is zero which simplifies the initial state wavefunction. An exhau-
stive overview of projectile-argon scattering theoretical framework and experimental
techniques can be found in a review by Gargioni and Grosswendt [22]. Hayashi [24]
collected a detailed bibliography of electron and photon cross sections with atoms
and molecules published in the 20th century.
Photon scattering is useful from the electron scattering point of view, as it can
help to determine the dipole oscillator strength which can, as pointed out in 2.2, be
related to the generalized oscillator strength 2.17. Such experiments are commonly
performed at synchrotron beamlines, for example Sorensen [25] probing valence sta-
tes using 20–30 eV photons and Möbus [26] investigating 3s photoionization in the
18–100 eV photon energy range. Chan et al. [27] tackled the issue the other way
around. By scattering 8 keV electrons in the forward θ = 0 direction they determi-
ned dipole oscillator strengths for photoabsorption according to relation 2.19. The
majority of electron scattering experiments on argon were performed to obtain the
total scattering cross section or differential cross sections with respect to the solid
angle, both as a function of the projectile kinetic energy. Examples are numerous
(Milosavljević et al. [28], Ma et al. [29], Filipović et al. [30], Baek et al. [23], to
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name but a few) but none of these measure the secondary electron spectra. The
notable exceptions are Vroom et al. [31], and DuBois and Rudd [18] as well as a
series of two-electron experiments testing electron dynamics with coincidence mea-
surements in narrow energy and angular range [32]. The first group constructed an
electron spectrometer, capable of collecting electrons across almost the whole solid
angle (Fig. 2.4) using 1 eV–10 keV electrons to bombard argon atoms. The latter
pair employed a 500 eV electron gun and an electrostatic analyzer to obtain DDCS
data for electron-argon scattering but there was no option to take the coincidence
data. They investigated the distribution of secondary electron energies, which tur-
ned out to be in good agreement with the theoretical model, see Fig. 2.2. Both of
these experiments measured only scattered and/or ejected electron energies without
Auger decay products, while our aim is to collect the complete angularly integrated
electron spectra.
Slika 2.4: Left : Electron spectrometer to measure energy distributions of secondary
electrons ejected from argon by fast electrons. An array of 11 spherical segments
allowed for collection of electrons ejected at angles 30◦ ≤ θ ≤ 150◦. Right : The
corresponding electron spectrum at T = 1 keV. Taken from [31].
Auger electron spectroscopy on argon began in the 1960s with Mehlhorn and
Stalherm [33] who recorded the argon L-MM spectrum after ionizing the 2p shell
states by 4 keV electrons. With a resolution of about 0.17% they managed to dis-
tinguish between the L2-MM and L3-MM lines. A truly comprehensive experiment
was carried out by Werme et al. [34] ionizing argon atoms with 3–5 keV electrons
and collecting emitted Auger electrons. Besides presenting a detailed argon L-MM
Auger spectrum with a resolution of 0.05%, they introduced a systematic nomen-
clature to label the observed peaks. Subsequent experiments were performed with
increasingly better resolution, such as Víkor et al. [35], achieving a resolution of
about 0.03% showing disagreement in some of the detailed parts of the spectra be-
tween the measurements and the calculations. Ionizing the sample by a spectrally
very narrow synchrotron photon beam one probe only the state under investigation,
again improving resolution and reducing background. Ricz et al. [36] managed to
resolve the argon L-MM Auger spectrum into two components coming from 2p3/2
and 2p1/2 vacancies just 2 eV apart by detecting photoelectrons in coincidence with
the Auger electrons. There is also a history of measuring Auger spectra on argon in
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our laboratory, where a hemispherical analyzer was previously used to detect Auger
electrons in coincidence with Arn+ ions, where the final charge-state n was determi-
ned via a separate TOF ion detector [37]. The collected scattering and ionization
cross-section data for electron impact is also being used as an input in modeling
DNA damage by β irradiation [38].
Browsing the available bibliography on electron-argon scattering, the majority
of experiments focus on measuring the total scattering cross section as a function of
the projectile kinetic energy or cross-sections differential with respect to the scatte-
ring angle. We expect our spectral resolution will not be as good the instruments
described above, but the advantage of MBES lays elsewhere, in the ability to collect
the total, scattered, ejected and Auger, electron kinetic energy spectrum at a given
impact energy covering the full energy range, from zero to T . Finding electrons ar-
riving in coincidence originating from the same event may also give insight to more
complicated atomic decay dynamics than just analyzing the recorded single-electron
spectra.
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The magnetic bottle electron spectrometer was first introduced by Kruit with col-
laborators in 1982 using a novel concept for measuring electronic spectra [10]. It
improves on previous electron spectrometers by combining good resolution with high
collection efficiency. This makes it suitable for investigating many-electron decays
in atoms and molecules that occur with a small branching ratio. In this chapter I
will describe the mechanism by which the MB works, give an overview of existing
MB examples and present our new contribution to the field.
3.1 Magnetic Bottle - principle of operation
The magnetic bottle is essentially a time-of-flight (TOF) spectrometer where the
electron kinetic energies are determined from their TOF values. A specially designed
magnetic field collects electrons, parallelizes their trajectories and guides them along
a drift tube to a multi-hit detector where their impact times are recorded.
The projectile-target interactions with subsequent decays of excited states take
place in a region with a strong and divergent magnetic field Bi. An electron emitted
with an energy E, mass me, charge e and velocity v at an angle θi with respect to






This is the well-known cyclotron frequency and the corresponding cyclotron radius











If the magnetic field along z changes slowly enough so that it stays roughly con-
stant as the electron revolves once around the field line (in other words, it changes
37
Poglavje 3. Magnetic Bottle Electron Spectrometer
adiabatically) electron will continue to revolve along the same field line even if this
is curving in space (see Appendix B). As the strong initial field Bi couples to the



















Slika 3.1: Parallelisaton of electron trajectories in the magnetic field gradient.
the tip of the iron core the magnetic field resembles a (quasi) magnetic monopole
and acts as a magnetic mirror for charged particles.


















When the electron performs one orbit about one of the field lines it also moves along














3.1. Magnetic Bottle - principle of operation
The adiabaticity parameter χ is defined by






For a given trajectory the adiabatic approximation holds when the maximum value
χmax < 1. A non-adiabatic field (χmax ≤ 1) still collects electrons but as χmax
increases (≥ 1), the bundle of trajectories starts losing its integrity. The magnetic
bottle loses its imaging properties because a spot is no longer projected as a circle on
the detector. Even larger values of χ ( 1) destroy the time and energy resolution.
Kruit and Read [10] listed three conditions for the TOF operation of the magnetic
bottle: (i) the magnetic field at the source Bi must be much stronger than the field
Bf in the drift tube, (ii) the reduction of the field magnitude from Bi to Bf must
take place in a distance short compared to the length of the drift tube, and (iii)
the adiabaticity parameter must be kept as small as possible. Due to practical
limitations these conditions can quickly become contradictory and a compromise
must be found for an optimal performance.
A detector with a good time resolution must be used in order to obtain any me-
aningful data from the experiment. Using a multi-hit detector expedites data col-
lection as it can record more electrons per run and also allows detection of electron-
electron coincidences originated from the same atomic reaction.
3.1.1 Time resolution









where m is electron mass, L is the length of the drift tube and t is the TOF value.
The maximum angle with respect to the z axis of an electron trajectory as it rotates



















TOF is only slightly dependent on the initial emission angle θi. Electrons emit-
ted perpendicularly to the spectrometer axis will suffer the longest delay. Longer








where ∆t is the time resolution. One can improve energy resolution by using a
retarding voltage VR to slow down all of the electrons by removing a fixed amount
of kinetic energy which again prolongs TOF. This, however, makes the detection
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Slika 3.2: The estimated resolution for our MBES as calculated by Eq. 3.14 at
three different values of Bf and at Bi = 600mT. The solid and dashed lines denote
the relative and the absolute resolution, respectively. Note that this is an ideal
theoretical resolution; in reality different factors contribute to a larger ∆E.
of electrons with initial kinetic energies lower than eVR impossible so it is a useful
approach for improving resolution for high energy electrons. The total energy reso-
lution depends on the pulse dilation (Eq. 3.12) and the temporal resolution of the












where ∆tdetect = 0.2 ns in our case. This is true if electrons are emitted from the
same point at the same time. Having a target with a finite size and an excitation
source with a finite temporal width broadens the spectral peaks even further. The
plots of the relative and absolute resolution following 3.14 are shown in Fig. 3.2 for
three different drift fields.
3.1.2 An Overview of Magnetic Electron Spectrometers
The first magnetic bottle was presented in 1982 [10]. The authors describe the
working principles of the magnetic bottle spectrometer from both the theoretical
and numerical point of view in detail and as such is an important reference for
constructing such an apparatus. The strong field of about 1T was produced by a
water cooled coil and a soft-iron pole piece. The drift tube was 0.5 m long with the
weak field strength of about 1mT. The instrument was tested using 440 nm laser
pulses to ionize xenon atoms:
Xe + 5hν → Xe+ + e. (3.15)
The achieved energy resolution was about 15meV for low energy electrons having
about 2 eV kinetic energy and the authors report collecting electrons emitted into
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a solid angle of up to 2π into a beam of half angle 2◦. Using a secondary electron
detector positioned opposite the drift tube and varying a static voltage on deflectors
in the target region they managed to discern some angular dependence of the emitted
electrons. Later developments continued on and expanded on this concept using
Slika 3.3: Magnetic bottle electron spectrometer by Kruit and Read. (1) point of
focus of the laser beam, (2) and (3) electron detectors, (4) iron magnetic circuit, (5)
water cooled coil, (6) coil to provide uniform field in drift tube, (7) electrostatic grids
to change electron energy, (8) optical lens, (9) laser beam. Picture taken from [10].
UV lasers, for example [39]. Eland et al. [40] coupled the classic MBES design to a
helium discharge lamp propagating the technique towards soft X-ray wavelengths.
The group studied double-photoionization electron spectra of several noble gases,
including argon. The results are compared to the ones presented in this work in
the final discussion. The first use of the MBES for inner-shell studies was done by
Okuyama et al. in 1990 [41].
In recent years Penent, Lablanquie et al. [42] pioneered using the MBES at syn-
chrotron facilities. A much brighter excitation source greatly increases the reaction
rate and a tunable photon beam improves the resolution of the recorded spectra.
Their apparatus was also an important reference point in our design and construc-
tion and is shown in Fig. 3.4.
To further study the decay dynamics after photoexcitation or ionization, several
groups use MBES to observe electron-ion coincidences where they measure the elec-
tron kinetic energy and the ion mass from the same atomic event, using the TOF
method. As an example, we mention two set-ups, each using a different concept.
In the first realization [43], a separate ion mass spectrometer was attached to an
existing MBES perpendicularly to the main axis, see Fig. 3.5. After all the electrons
reached the detector, an extra electric pulse pushed the slow, almost stationary ions
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Slika 3.4: MBES by Penent, Lablanquie et al. installed at the SEXTANT beamline
at the SOLEIL synchrotron in France in 2015. The three main spectrometer compo-
nents are highlighted. The synchrotron beam is impinging the target in the reaction
chamber from the right, perpendicularly to the drift tube.
into the mass spectrometer.
Slika 3.5: An ion TOF detector (vertical ) attached to a classical MBES (horizontal ).
Image taken from [43]
The second concept by Matsuda et al. [44] uses a sequence of electric pulses on
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Slika 3.6: a) The electron-ion coincidence MB spectrometer set-up b) The sequence
of electric pulses to successfully collect first the emitted electron and after that the
ions. Image taken from [44].
electrodes in the target region to direct the ions into the same MB drift tube after
all the electrons have been collected. This set-up is shown in Fig. 3.6.
TOF instruments need an initial pulse to start the clock and are as such paired
with pulsed photon sources. Recently, Strobel et al. [45] developed a new MBES
which can be used with a continuous or quasi-continuous photon source. By mo-
unting a pair of metal grids 15mm from the target region spaced 1mm apart and
applying a negative voltage to the second grid, electrons are trapped and oscillate
between the grid and the strong magnet. After a few cycles the grid voltage is set to
ground potential and the accumulated ejected electrons continue towards along the
drift tube towards the detector. The main advantages of this concept are a higher
duty cycle and stronger signal for low-density targets.
3.2 Designing the electron-driven magnetic bottle
spectrometer
All the existing MBES instruments up to now have been using photons to excite
the target. We designed and constructed a new MB spectrometer for electrons in
our laboratory, where the target is excited by electrons having adjustable kinetic
energy. It can be roughly divided into three parts, that are loosely coupled and
can be treated separately. The whole chamber is pumped by two turbomolecular
pumps to achieve a background pressure of about 10−7 mbar. Except for the de-
tector chamber, the instrument is protected by µ-metal shields to expel the Earth’s
magnetic field from the interior as this would affect electron trajectories. Magne-
tic bottle spectrometers have always been realized with a photon excitation source
striking the target perpendicularly to the spectrometer (z) axis. It is impossible to
have electrons striking the target from the same direction as they would scatter due
to the strong and divergent Bi. We decided to put the electrons source behind the
permanent magnet system with electrons flying parallel to the z axis. The prevalent
component of the magnetic field on this axis being the z component, it should not
interfere with the trajectories of the projectile electrons.
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Slika 3.7: The schematic layout of the electron-driven MBES. Individual components
are described in the following sections.
3.2.1 Reaction region
To generate the strong field Bi in the target region we use 12 permanent NdFeB
magnets with a remanence of 1.13 T. The magnets were cylindrical, 1 cm in length
with a diameter of 7.8mm. NdFeB has a Curie temperature of about 340◦C and the
specific pieces we used had a nominal maximum working temperature of 210◦C [46]
so care had to be taken as not to overheat them as mentioned in 3.2.2. Measuring
the maximum field density for each magnet we found there was a variation ob about
6% between them so they were grouped in such a way to minimize the differences
between the groups. The magnets were arranged in a cross-like configuration with 3
magnets per arm. Measurements and simulation showed that stacking the magnets
in increasingly long arrays does increases the resulting field density negligibly when
the total length far exceeds the magnet diameter. The magnets were positioned
around a soft iron core with the tip machined into a cone. The core would con-
centrate the magnetic flux into a small region at the tip of the cone. A hole with
entrance and exit openings of 4 mm and 1 mm respectively was drilled through the
core to allow the initial electrons to pass through and reach the reaction point. The
whole magnetic system was mounted on a xyz manipulator to allow alignment of
the strong magnetic field to the spectrometer axis.
Gas cell
Traditionally one introduces the target gas via a needle positioned close to tip of
the magnetic core. This creates a region of relatively higher pressure which falls
off continuously but also extends into the drift tube. In our case this could pose a
problem as the electron source is parallel to the spectrometer axis and excitations
would occur along the length of the drift tube. These would smear out an important
part of the measured spectra and worsen the resolution. For this reason we installed
a gas cell attached to the magnet holder to achieve a larger pressure difference
between the reaction region and the vacuum chamber which also helps to increase
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Slika 3.8: Photons are usually striking the target region perpendicularly to the main
spectrometer axis. Using electrons as an excitation source we position the electron
gun behind the magnetic system parallel to the spectrometer axis.
the electron scattering yield. The gas cell (Fig. 3.9) consists of two parallel plates
Slika 3.9: Soft iron core with the gas cell attached. Dimensions are in millimeters.
separated by a viton O-ring which acted both as a spacer and a seal. The target
gas was introduced to the chamber via a Cu tube. A second Cu tube was soldered
to the plate facing the direction of the detector to further diminish the gas flow
conductance. For a pumping speed S0 in the chamber, the ratio of the cell pressure







where C is the total conductance of the gas cell. In our case the conductance is a
sum of conductances for two separate tubes, the Cu tube and the magnetic core.
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for molecular flow. Here R0 is the universal gas constant, T is temperature and Mm
is molar mass of the gas in question [47].
Under working conditions the inlet calibrated Pirani gauge read p1 ≈ 4 ×
10−1 mbar and the ion gauge measured the background pressure p0 ≈ 10−5 mbar.
The gas cell pressure p can then be estimated by
p ≈ p0 + S (p1 − p0) , (3.18)
with S denoting the ratio of the outlet versus inlet tube conductances. Taking
S ≈ 1/10, the target pressure come out at about 4 × 10−2 mbar, which is about
two orders of magnitude higher than what is achievable by using a gas needle. This
corresponds to a gas density of about 6 × 1015 cm−3. Note that this is truly only
a rough estimate, as Eq. 3.18 is valid in the molecular regime, i.e. below about
10−2 mbar. Obviously, we are close to this limit.
Slika 3.10: Permanent magnet setup. The gas cell is not attached in this photo.
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3.2.2 Drift tube
A 2 m long tube with the inner diameter of 160 mm was used as a drift tube. The
drift field Bf was produced by a 1 turn/mm solenoid with a 1 mm diameter insulated
copper wire and can be calculated by
Bf = µ0nI, (3.19)
µ0 being the vacuum permeability, n the number of turns per unit length and I
the current running through the solenoid. A current of 1 A thus gives a Bf of
roughly 1mT and produces about 20W of power. We have found that this affects
the detector performance after running the current for a few hours. To cool the
solenoid we wrapped a layer of tubing with cold water running through it. At the
highest applicable current of 4A the solenoid need to be cooled down to prevent
overheating the permanent magnets and the detector.
3.2.3 Detector
The microchannel plate (MCP) multiplier detector consists of an array of parallel
channels (∼ 10–100µm) coated with a material which enhances secondary electron
emission. A charged particle hitting a channel causes a cascade of secondary elec-
trons that are multiplied and accelerated by a strong electric field resulting in a
weak voltage pulse that is further processed by a fast preamplifier. The relatively
short length of the channels (∼ 1mm) results in MCP detectors having better timing
resolution compared to photomultipliers and makes them impervious to magnetic
fields [48]. Both of these properties are crucial in our experiment. Typically a sin-
gle MCP provides a multiplication of 103 to 104 and often more plates are stacked
one upon other to increase this factor. The most common is the so-called chevron
configuration where two plates are sandwiched together with the channels angled
with respect to the plate so that any positive ions that may be produced during the
multiplication process do not drift backwards [49].
Slika 3.11: Left :Two MCPs stacked into a chevron configuration. Image adapted
from [49] Right : The delay line principle, taken from [50].
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We used a DLD40 2 stack chevron MCP detector by RoentDek with a diameter
of 45mm and 0.2 ns temporal resolution. Two-dimensional position sensitivity is
achieved by two perpendicular sets of delay lines. One delay line is a length of
wire spanning the breadth of the detector multiple times in parallel. A surge of
charged particles passing the wires induces a signal that propagates towards both
ends of the delay line. Measuring the difference in the arrival times of these signals
reveals the point of their origin so that 2D image of electron impact positions can
be formed [50].
Slika 3.12: Left : MCP detector mounted on a CF flange. Right : Detector close-up.
A second solenoid with roughly 300 turns on 200mm diameter was added at
the joint of the drift tube and the detector chamber to further focus electrons on
the detector. After testing and comparing measurements we saw that except at
the small fields Bf there is no acute need to actually use the second solenoid. The
detector was positioned well inside the drift tube and the field lines started diverging
only behind it.
3.2.4 Electron source
Electron bunches were produced by an electron gun constructed and used at our
laboratory that we adapted to generate short pulses. First, the pulsed beam was
realized by applying an alternating voltage to the extractor electrode thus opening
and closing the way for electrons to the acceleration stage. This was found to
be inadequate as the switching times were too long for our purposes due to the
considerable capacitance of the extraction electrode.
To improve on this we added a length of tube to the source with a narrow
aperture attached at the end. Pulsing the voltage on a pair of deflectors for ∆V
sweeps the electron beam across the aperture resulting in short electron pulses [51].
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Other parameters are presented in 3.13.
Slika 3.13: Electron beam with diameter d sweeping across the aperture, which has
a diameter of D. Electrostatic deflectors are l long and spaced s apart. The length
of the sweeping tube is L; the amplitude of the pulsed voltage is ∆V at which the
electron beam is displaced for A0 from the center.
We used a Ta cathode in the shape of a disc with a surface area of 5.5·10−3 cm2 as
a source of electrons. A heating current of about 1.6A running through the cathode
resulted in a typical emmision current of 1 mA [52]. Initial electron energy spread
due to emission from the hot cathode was estimated at approximately 0.6 eV [52].
Over 2.5m this contributes only 40 ps to the final broadening. After acceleration
the electron beam was focused by an Einzel lens.
The voltage switching was done with the Behlke FSWP 51-02 switch and resul-
ted in two electron pulses per 14.2 µs period, one at the rising and one at the falling
edge of the voltage jump. As the two pulses were not completely equivalent, delayed
voltage pulses on the secondary deflector, placed after the gun aperture and before
the magnet, were used to filter out half of the pulses exhibiting larger time broade-
ning. In such a configuration, only a single pulse per period passes the magnet and
the workload of MCP detector is reduced.
3.2.5 Instrumentation
Each data acquisition cycle was initiated with a pulse from a signal generator running
at 70 kHz, which triggered three devices. The first one was a Behlke high-voltage
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Slika 3.14: Photo of pulsed electron gun.
switch with a static HV source providing the necessary offset to produce voltage
pulses for the electron beam sweep deflectors. The second one was a programmable
time delay unit (SRS DG645) driving secondary deflectors to filter out half of the
electron bunches as discussed in the previous section 3.2.4. The third one was a
Time-To-Digital converter (TDC) CAEN V1290N used for electron time-of-flight
and position determination with LSB corresponding to 25 ps.
An electron hitting the detector created five charge pulses: the signal from anode
marking the time of arrival and two pairs of signals coming from the X and Y delay
lines marking the hit position of the incoming electron. The pulses were amplified
and converted to short NIM signals by a constant fraction discriminator (CFD) when
the voltage level was above the selected discriminator level. The initial triggering
pulse was used to start the 1µs wide gate window of TDC and was also fed into
one of the stop inputs due to the insufficient time resolution of the gate window.
The electron TOFs were then calculated relatively to this signal. The corresponding
positions on the MCP were determined from arrival time differences of signals on
both X and Y delay lines as described in 3.2.3.
Digitized data were transmitted to the PC via the VME bus interface NI PCI-
MXI2. The data was roughly processed and visualized using the NI LabVIEW
interface. All the raw data was saved for detailed offline analysis with dedicated
software. The graphic overview of this set-up is shown on Figure 3.15.
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Slika 3.15: Instrumentation set-up.
Slika 3.16: Photo of electron-driven magnetic bottle spectrometer.
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In this chapter I begin with a description of methods used to perform the simula-
tions which were crucial when designing and building the spectrometer and later
to evaluate the performance of the apparatus. After that the results from numeri-
cal simulations are compared side-by-side to the ones from performance testing and
calibration.
4.1 Simulations
In order to estimate the performance of the apparatus, we simulated electron move-
ments in different parts of the spectrometer using a a combination of a commercial
program suite and custom written code for numerical computations. To be able to
interpret images recorded on the detector there was a need for a precise simulation
of electron trajectories from the reaction region traveling along the drift tube. Tho-
ugh the CST suite did produce satisfactory field results on a more global scale, we
observed that it failed to successfully take certain symmetry conditions into account
and with that failed to reproduce the measured images. We instead decided on
writing a custom code where we substituted the permanent magnets with a single
circular current loop tuned to produce the magnetic field similar to that of the CST
code. Besides calculating the magnetic field, the CST suite was used to determine
a temporal broadening due the passage of electrons through the magnets and to
obtain a general idea of how the electron trajectories behave in the spectrometer. In
reality the system exhibits a four-fold rotational symmetry but in simulations this
constraint was relaxed to the axial symmetry allowing to build our model in cylin-
drical coordinates. In fact, this simplification is justified since most of the electron
movements occur close to the magnet axis.
4.1.1 Finite element method
The finite element method (FEM) is a numerical approach to calculating approxi-
mate solutions of partial differential equations and integral equations used especially
when one deals with complex geometries and combinations of materials with different
properties (such as magnetic permeabilities) analytical where solutions are impos-
sible to find. It consists of dividing the domain into a mesh of subdomains (finite
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elements) and writing down the approximate solution ũ as a linear combination of





The subdomains need not be of the same size and a finer mesh results in more
accurate solutions but increases the computational time.
Calculating static EM fields stems from a pair of Maxwell’s equations:
∇ · E = ρ
ε0
(4.2)
∇×B = µ0j. (4.3)
Using the following relations
E = −∇ϕ (4.4)
B = ∇×A (4.5)




∇2A− µ0j = 0. (4.7)
Finding solutions for these types of equations ∇2u = −f is often done by using the




〈∇u,∇u〉 − 〈f, u〉, (4.8)
〈α, β〉 denoting the inner product of α and β. Using the trial functions ũ we end up
with a system of equations
N∑
j=1
ajAij = bi, (4.9)
Aij = 〈∇wi,∇wj〉, (4.10)
bi = 〈f, wi〉, (4.11)
from which we determine the coefficients ai of solution 4.1.
We used the Computer Simulation Technology (CST) suite to calculate the shape
and intensity of the magnetic fields in our experiment. It is a proprietary software
package specificaly designed for solving problems involving EM fields. It utilises an
array of different numerical techniques, most notably FEM when dealing with static
fields [54].
4.1.2 Particle tracking
Electron trajectories were simulated using non relativistic Newtonian kinematics in
discretised time steps with
mer̈ = e (E (r) + ṙ (r)×B (r)) . (4.12)
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In cylindrical coordinates the above equation transforms into the a set of three
coupled nonlinear differential equations
z̈ = − e
me
ϕ̇ρBρ
ρ̈− ρϕ̇2 = − e
me
ρϕ̇Bz (4.13)
ρϕ̈+ 2ρ̇ϕ̇ = − e
me
(ρ̇Bz − żBρ) .
Equations 4.13 were integrated by the Mathematica NDSolve function that uses an
array of different numerical methods depending on the problem type.
4.1.3 Analytical expressions for magnetic fields
Radial and longitudinal field components of magnetic field density for a circular
































where C = µ0I0/π, α2 = a2+ρ2+z2−2aρ, β2 = a2+ρ2+z2+2aρ, and k2 = 1−α2/β2.
















































with the following parameters:





It is important to note, that this expression holds for a continuous solenoid not
formed by discrete wires but rather by a sheet of conductive material. Current I1
is therefore not the same as it would be for a realistic solenoid and must again be
tuned so that the resulting field in the center of the solenoid resembles 3.19.
In both 4.14 and 4.15 K (k2), E (k2) and Π (h2, k2) are incomplete elliptic inte-
grals of the first, second and third kind.
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4.2 Electron source
We first characterized the electron source by firing electron bunches along the spec-
trometer without the presence of the permanent magnet array and the drift field.
Figure 4.1 shows electron bunches as measured on the MCP detector at increasing
sweeping voltage amplitude of the corresponding voltage pulses. The Behlke switch
produces voltage jumps with a constant rising time of the order of 12 ns regardless
of the amplitude. Increasing voltage jump amplitude produces narrower bunches as
the beam spends less time sweeping across the aperture 3.20 and moves the whole
pulse earlier in time because the beam reaches the aperture faster compared to clock
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Slika 4.1: Main graph : Electron bunches produced by pulsing at increasing ∆V .
Inset : Voltage pulses on the deflector plates used in beam sweeping. Here the soft
iron core was attached and the drift field was set to 0.33mT.
A cylindrical Einzel lens array was used to focus the electron beam. Focusing on
the gun exit aperture did produce shorter pulses but as the beam diverged after the
exit slit, less electrons were able to pass through the magnetic core. The optimal
potential on the focusing electrode was therefore selected as a compromise between
pulse duration and electron transmission through the magnet.
Fig 4.2 shows how the electron source performs when the drift field is varied.
Increasing Bf delays and spreads the electrons bunch as expected according to 3.12.
Recording detector images while pulsing without the magnet in place we observed
rather long streaks across the width of the detector (Figure 4.3). This was ascribed
to the beam passing through the slit at different angles which resulted in a sizable
displacement over a 2.5 m distance. The position along the image streak is directly
























T = 1000 eV 
Horizontal pulsing
Vpulse : -28V : +44V
0.32 mT 3.92 mT
Slika 4.2: Electron pulses at varying Bf with the inset showing how the pulse width τ
and central position T0 linearly increase with the drift field as predicted by Eq. 3.12.
electrons on the ends of the detector which would result in measuring pulses that
are shorter than in reality. Applying a very weak Bf of 0.4mT the image shrank
and we are sure that it was not cut by the detector.
Slika 4.3: Recorded detector images for vertical (left) and horizontal (right) pulsing
at Bf = 0 and Bf = 0.4mT for 1000 eV electrons. Using either set of electrodes gives
a similar result only rotated for 90◦. The spots are off-center due to constructional
misalignment.
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The effect of the diverging beam exiting the gun results also in a broader electron
bunch time-wise, which could be reduced by adding a second slit after the gun. This
is already done when the magnet array is installed, because the soft iron core acts as
a secondary slit. An aluminum core of the same dimensions was made and installed
in the same holder without the magnets and we can compare the duration of electron
bunches in three different set-ups. We look at the and compare measured electron
bunches produced without any secondary slits and strong fields, with an aluminum
core as a secondary slit and with the permanent magnet installed together with the
soft iron core in Figure 4.4. We see that installing a secondary slit does indeed
substantially compress the pulse width while the introduction of the strong field Bi
has no significant effect. This was described by CST ray tracing simulations in 4.4.1.
405400395
ns
Hor. pulsing, B f= 40 mT, no core
Hor. pulsing, B f= 20 mT, Al core
Hor. pulsing, B f= 39 mT,Vf=0,
Fe core with magnet
Vert. pulsing, B f= 40 mT, no core
Vert. pulsing, Bf= 20 mT, Al core
Vert. pulsing, B f= 30 mT,
Fe core with magnet
Slika 4.4: Temporal profile of the 1 keV electron pulse produced by pulsing the
vertical or the horizontal deflector pair. Inserting a conical core acts as a secondary
slit, shortening the pulse. There is no real difference in pulse width for the aluminum
and soft iron core.
4.3 Magnetic field
The strong magnetic field was characterized using a Lake Shore 410 hand-held gauss
meter. Figures 4.5 and 4.6 compare the measured and simulated magnetic field along
the longitudinal and transversal directions. The agreement between the current loop
model and the measurement is excellent along the z direction though it works well
only near the axis (z = 0) in x and y dimensions. This should not be a problem
as paralellization occurs within a few mm from the z = 0 position. Plot 4.5 shows
also the adiabaticity (see 3.9) of our spectrometer. We see that, especially at higher
58
4.4. Particle tracking
energies, the operation of the apparatus is non-adiabatic. This should not alter the
spectroscopic abilities but leads to image aberrations on the detector which was
confirmed by tracking simulations, as well as by the measurements.
4.3.1 Magnetic energy
An interesting phenomena was observed while constructing the magnetic system.
The cross-like configuration consisted of four arrays of three NdFeB cylindrical ma-
gnets, with all the magnetic dipoles oriented into the same point with a soft iron
core in the center. All of the components were housed in an aluminum casing. The
first magnet array (’branch’) quickly connects to the iron core, but when one wishes
to add other branches, a magnetic repulsive force appears that grows stronger as
the new branch approaches the core. This holds up a certain threshold after which
the force becomes attractive and the magnets attach to the iron core and lock in
place. It seems as if the iron core distorts the magnetic field in such a way, that it
locally holds magnetic dipoles in place disregarding their orientation. To verify if
this was the case and not a result of some other effect, we used CST to calculate
the magnetic energy EM of the whole system at different displacements of one the






with εM (r) = −B (r) · H (r) and magnetic field intensity H (r) = B (r) /µ (r), µ
being magnetic permeability of the material. The simulation results can be seen on
plot 4.7 and fully confirm the hypothesis. There exists a magnetic energy barrier
that needs to be overcome to destroy the symmetric arrangement of four magnets
attached to the soft iron core. Work is therefore required to separate the magnets
but also to put them together until passing the critical distance. The useful side of
the effect is that magnets are well pressed against the iron core without using the
secure bolts.
4.4 Particle tracking
4.4.1 Transmission through the magnet system
We were especially interested in two parameters pertaining to the transmission of
electrons through the magnetic system: what percentage of the beam manages to
pass and how this affects the pulse duration. As our goal was to achieve short
electron pulses, we wished to estimate how the pulse quality would deteriorate by
passing through the magnet. CST excelled in this situation especially because it
takes electron collisions with physical obstacles into account easily.
The simulated source was a parallel 2.5 · 104 particles electron beam positioned
20 cm behind the magnet system. Results for different source radia (300 µm–1mm)
were fitted using a Gale distribution (Fig 4.8), which is a convolution of exponential
decay and gaussian distribution [56]
G (t0, σ, τ ; t) = e
α (1 + erfβ) , (4.17)
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Slika 4.5: Magnetic field along the z axis. Crosses : Measured field values, solid line :
CST simulated field, dashed line : current loop model. The two additional dashed























Slika 4.6: Magnetic field along the transversal direction. The drawing style is the
same as in Fig. 4.5.
60
4.4. Particle tracking


















Slika 4.7: Magnetic energy of the system as one magnet array is displaced from the














The argument for using this distribution was that the electron bunch starts as a
symmetric distribution which is then delayed by the magnetic field. Analyzing
the results revealed that the pulse broadening was not influenced by the diameter
of the source or even its position on the xy plane when moved from the central
z = 0 position. Only electrons starting close enough to the axis will pass through
and consequently experience delay, others will be deflected by the magnetic field.
Changing the starting parameters further only lowers the transmission but does not
affect the pulse width. The averaged fit parameters of the simulated set of data
points are thus:
σ τ FWHM
0.003 ns ±0.001 ns 0.201 ns ±0.002 ns 0.150 ns ±0.003 ns
We see that an infinitely narrow pulse transforms into a pulse with FWHM of about
0.15 ns. To estimate the broadening of real electron package, we assume a gaussian-
shaped pulse with a width of 1 ns (σ ≈ 0.4 ns). Convoluting this function with the
impulse response gives the simulated pulse broadening due to transmission through
the magnetic system (Fig. 4.9). With a final FWHM of approximately 1.07 ns we
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Slika 4.8: The simulated temporal distribution of electrons passing through the
permanent magnetic system starting as an infinitely narrow pulse (blue dots). The
red curve is the corresponding Gale fit with the resulting FWHM.
21 22 23 24 25ns
ns1
Slika 4.9: Simulated initial 1 ns wide Gaussian electron pulse (solid) and broadened
(dashed) electron pulse after passing through the magnet, multiplied by 20 due to
∼ 5% transmission.
conclude that the broadening of the electron pulses due to the passage through the
magnet is not significant.
We adapted the current loop model to investigate the beam diameter when pas-
sing through the magnet system. Using a pair of two opposite-facing current loops
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we emulated the magnetic field also behind the magnets. The two model current
loops had radia of 3.5mm and 10.5mm positioned at z = 0 and z = −17.5mm re-
spectively with a current of 3000A for both. The results of the current-loop model
(Fig. 4.10) agree with the CST results predicting that only paraxial electrons pass
through the magnetic system. The beam width was estimated in this way to about
0.1 − 0.2mm at the cone tip and the beam pencil angle at the exit was estimated
to be less than 1.5◦.
Slika 4.10: Two-current-loop numerical model for electron transmission. The mea-
sured beam divergence (from Fig. 4.12) at 2.5◦ is marked for comparison. Note that
the horizontal and vertical axes are not to scale.
We have measured the transmission of electron current through the magnetic
core by installing two Faraday cups on retractable manipulator arms, one before
the entrance and the other after the exit of the magnet. The transmission was
measured at several different filament currents using the stationary electron beam
since the current was too low to be measured in the pulsed mode. Transmission was
found to be around 5% and quite independent of the cathode current (Figure 4.11).
Assuming a 4 mm wide parallel beam as in Fig. 4.10 the current-loop model gives a
transmission of about 3–5%, which is in agreement with the measurements.
The gas needle with 0.8 mm diameter was attached to separate manipulator and
could be moved in front of the magnet exit across the electron beam. While moving
the needle, reduction of counts on the detector was observed due to the electron
beam screening. This method allowed to measure the electron beam diameter in
pulsed mode operation. Looking at Fig. 4.12 we see that the magnets squeeze the
electron beam as it passes through so that its width (0.07 mm) is significantly smaller
than the core opening diameter (1 mm). This does indeed concur with the numerical
model 4.10.
4.4.2 Parallelisation and efficiency
An important parameter of any spectrometer is electron collection efficiency defined
as the percentage of a full emission solid angle for electrons collected on the MCP
detector. This is a function of electron kinetic energy, initial emission angle and
initial position in the target. As the real field is almost cylindrically symmetric
about the z axis, we can disregard the azimuthal angle ϕ and investigate efficiency
only in terms of the polar angle θ. For an electron emitted with an energy E at
coordinates (ρ, z) there is a maximum emission angle θmaxi beyond which the electron
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Slika 4.11: Beam transmission through the magnetic core as measured by a pair of
Faraday cups.
trajectory will not be parallelized enough to reach the detector. Using the current
loop model we found that θmaxi is quite independent of E and starts diminishing only
above about 2.2 keV. With the initial electron position along the spectrometer axis
it generally increases from 90◦ at the core tip to about 140◦ at the other end of the
gas cell. Taking an average θmaxi of 115◦ throughout the reaction region gives 71 %
collection of the full solid angle. For electrons emitted further along the z axis, θmaxi
increases almost to 180◦ but we start losing electrons emitted near θi = 90◦. At the
same time this broadens their temporal profile rendering recorded spectra unusable.
After being successfully directed towards the detector, electrons still have to
escape the gas cell and enter the drift tube. Each electron eventually locks onto
and orbits around one of the field lines converging towards the tip of the magnet.
This limits the usable reaction volume to the space spanned by those field lines
that do not intersect physical obstacles (see Fig. 4.13). The other limiting factor
is electron energy. At low energies electrons orbit close to the central field lines
and all parallelised electrons are collected. At increasing energies cyclotron radia
increase as well and an electron can hit the gas cell walls eventhough it was directed
properly from the reaction volume. We estimate that the low energy regime holds
up to about 100 eV after which the collection efficiency gradually decreases above
500 eV only electrons emmited in the θi ± 30◦ escape the gas cell. Accounting for
a typical MCP electron detection efficieny of 70% [48] we can expect a maximum
50% total efficiency for electrons with energies up to 1 keV.
4.4.3 Drift and imaging
An interesting phenomena was observed while simulating beam propagation along
the magnetic bottle. Trajectories from a monoenergetic source orbiting field lines




























Slika 4.12: Beam width as measured by the knife edge method at the at the tip of
the magnet and (black ) and at the gas cell exit (red ). The dotted lines represent
the actual count rate while the derivative with respect to the position reveals the
width of the beam (solid lines).
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Slika 4.13: A detailed image of the magnetic field lines and trajectories in the vicinity
of the gas cell. The target volume is specified by the trajectories of projectiles
assuming approximately Gaussian distribution with FWHM diameter of 1.6 mm at
the gas cell exit plane, see Fig. 4.12.
angle or position which makes the beam expand and contract (breathe) along its
path. An example is shown in Fig. 4.14. This behavior is reminiscent of a standing
wave and the number of nodes is a function of energy at a given magnetic drift field.





For small θf , λ changes slowly and is in agreement with the numerical model in
Fig. 4.14.
The detector being smaller than the drift tube cross section means that the
fraction of detected electrons varies with the detector position. Specific energies are
favored and others are discriminated which shows up as oscillations in the spectra.
This could be negated either by (i) using a tube with the same size or smaller than
the detector, which would lower the count rate uniformly across the spectrum, (ii)
increasing the drift field Bf so that electron orbits are smaller than the detector
diameter, but that might worsen the resolution, or (iii) adding a second shorter
solenoid at the end of the spectrometer to squeeze trajectories onto the detector.
Following Eq. 3.4 one would expect θmaxf ≈ 2.5◦ for 1 keV electrons which would
have them orbiting field lines at a maximum radius rmaxc ≈ 5mm. Looking at
Fig. 4.14 this estimate is about 4 times smaller than the one from the numerical CL
model. We should remember that equations 3.4 and 3.5 hold only in the adiabatic
regime and we attribute the discrepancy to the fact that for fast electrons indeed
χ  1 in the region where Bi couples to Bf. In other words, image magnification,
as defined by Kruit and Read, actually describes the spread of the field lines and is
equivalent to the true image magnification if electrons circle close to the guiding field
lines and there is no field line hoping in the process of parallelisation. Even when




















Slika 4.14: Beam breathing at two electron energies, 200 eV (top) and 1 keV (bottom).
In this example the point-like source with emission angles θi from -100 to 100◦
was used. Two emission angles are pointed out for each energy to emphasize how




with small values of θi, the recorded image magnification (Fig. 4.15) is much larger
than the one calculated by the adiabatic expression.
In order to understand and be able to interpret images recorded on the detec-
tor we explored how trajectories map onto the detector plane at different starting
parameters. Simulated results are presented and explained below. Figures 4.16 in-
vestigate how a point from the source is mapped onto the detector when varying one
of the initial parameters. Changing either the initial z-position or the emission angle
θi makes the point on the detector describe an outgoing spiral. Starting further from
the z-axis, i.e. at greater initial ρ, results in more and more irregular final images.
As expected, these effects are more pronounced at higher energies.
Figures 4.17 show how careful alignment of the source with respect to the spec-
trometer axis is crucial to collecting emitted electrons. Small displacements from
the main axis result in electrons not hitting the detector. This is again felt more
strongly at higher energies. It is easy to think of this set of images as a result of a
misalignment of the two field axes, i.e. the axis of the permanent magnet system
not coinciding with the drift field direction.
Note that when mapping a circular source on the detector one can expect that
electrons emitted from inside the initial circle also finish inside the final image. All of
the presented final detector images are not absolute as they are strongly dependent
on the detector position along the z-axis due the beam breathing, seen in 4.14.
This is illustrated in Figure 4.18, where the detector images were simulated at
different z values. For an excentre source the beam while expanding and contracting
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45 mm
Slika 4.15: Recorded image of elastically scattered electrons at 1 keV and Bf = 0.58
mT. With the estimated initial image diameter taken from the numerical model
(Fig. 4.10) we see a magnification of 150 instead of the adiabatic estimate which
should be about 32. This again points to strongly non-adiabatic conditions for fast
electrons.
orbits as a whole at the same time. One can collect either all, some or none of the
electrons, depending on where the detector plane was chosen at a set of initial
electron parameters.
During construction we found that it is relatively difficult to align the permanent
magnet array so that the both field symmetry axes are parallel. This turned out to
be the hardest to control as even a slight mismatch visibly affects the final image.
At the moment the magnet is equipped only by a linear movements in the vacuum
so the angular alignment can be done only when vacuum is broken. We investigated
how this affects the spectrometer operation in figure 4.19.
The above discussion emphasizes how a careful alignment of the spectrometer
components is important for a successful operation of our apparatus. Indeed this
was verified experimentally. Varying Bf and recording images on the detector we
obtained Fig. 4.14 b) which was reproduced in the CL model by introducing a slight











Slika 4.16: Simulated detector images for 200 eV (left) and 1000 eV (right) electrons
at Bf = 1mT. The black circle represents the MCP detector. Top: The source was
a series of points along the z axis ranging from 0 to 3 mm emitted at three different
angles. As the electron is emitted further from the core tip its final position travels
on an outwards spiral with the radius increasing for larger emission angles and at
greater energies. Bottom: Each source is a series of emitted electrons located at the
same z = 1mm point with different emission angles θi ranging from 0 to 100◦ for
three different initial radial positions.
4.5 Time-to-energy calibration
We can use Eq. 3.10 to calibrate the energy spectra calculated from the original
time distributions. Fig. 4.21 shows peaks of the initial electrons at different kinetic
energies as they pass through the spectrometer. Taking the above peaks and plotting
their positions we obtain Fig. 4.22. These should follow





τ denoting the peak position. Fitting the data, the parameters are in the table
below: The calculated spectrometer length L is larger than the actual length of
the drift tube (2m) and approaches the total distance of detector from the hot
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τ0 248.3 ns ± 2.61 ns
L 2.86m ± 0.03m
Tabela 4.1: Calibration parameters.
electron source (2.6m). Eq. 3.10 hold true only for electron trajectories orbiting
field lines at small angles θf so that the transversal components of electron momenta
are negligible. Even if that is the case, the equation does not account for the initial
paralellization in the inhomogeneous field Bi. Here, L can be thought of as the
effective spectrometer length. The temporal offset τ0 is due to the delay between the








Slika 4.17: Simulations of the apparatus imaging properties. Electrons were emitted
from from a circle with 0.1mm radius centered at ρ = 0, 0.2 and 0.5mm (top to
bottom) at three different emission angles θi and two electron kinetic energies 200 eV
(left) and 1 keV (right). The initial electron position is at z = 1mm and Bf = 1mT.
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Slika 4.18: Taking the middle right case from figure 4.17 and moving the detector
along the spectrometer axis from z = 1.1 m to 2.15 m illustrates how the beam
expands, contracts and moves in the drift tube. This image is complementary to
Fig. 4.14. The detector position is crucial in whether electrons hit the detector. The







Slika 4.19: Imaging a circular source with z0 = 1 mm, ρ0 = 0.2 mm, r = 0.2mm
and θ0 = 10◦ at 200 eV (left) and 1000 eV (right) at three different angles ξ between
the Bi and Bf .
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Slika 4.20: Series of simulated images at the top with 9 recorded detector images



























Slika 4.21: Temporal peak profiles recorded at different energies. Besides arriving
later in time, peak broadening is observed at lower energies. This could be due
to the spread of initial kinetic energies which becomes more pronounced when the



















t0 = 248.3 ns ± 2.61 ns
a = (4816 ± 54) ns·eV
½
Bf ~ 1.3-1.5 mT
Slika 4.22: Calibration curve obtained from the data in Fig. 4.21. The measured
data (circles) were fitted with Eq. 4.20 (solid curve).
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Recorded argon electron spectra
We managed to repeatedly produce 1 ns electron pulses in the 0.2–1.4 keV energy
range and benchmarked the instrument using the impact energy E0 = 800 eV. Even
though the ionization cross section of 2p shell in argon peaks at 1000 eV (see Fig. 2.2)
we decided on a lower E0 to produce slower scattered and ejected electrons thereby
enhancing resolution. Below 800 eV the argon 2p cross section falls off steeply so
this was a good compromise between achieving a good resolution while maintaining
the reaction rate. Using even lower impact energies would also cause interference
between the scattered/ejected electron peaks with the Auger peaks at ∼ 200 eV. We
expect to induce and observe the following reactions on argon gas:
e0 (E0) + Ar→ Ar + es elastic scattering
→ Ar∗ (Ei) + es inelastic scattering
→ Ar+ (EI) + es + ee ionization
→ Ar2+ + es + ee + eA ionization with Auger decay
→ Ar3+ + es + ee + eA1 + eA2 + . . . ionization with multiple
Auger decay.
An inelastic electron scattering may leave the atom in an excited state with a vacancy
in an inner shell which primarily decays by emission of the resonant Auger electron
Ar∗ → Ar+∗ + eRA.
Final spectra were obtained by subtracting the spectra measured without the
gas present in the gas cell from the ones with the gas. Introducing the target gas to
the reaction point via a sideways entrance or the gas needle until reaching the same
working pressure in the vacuum chamber yielded practically the same result as with
no gas at all. The average count-rate on the detector was around 5 kHz with a 1.5A
hot cathode current and 70 kHz repetition rate. A voltage jump of 70 V was applied
to the electrostatic deflectors to produce ∼ns pulses. The drift field was kept rather
low at 0.22mT with the secondary field at 0.5mT. The source intensity of about
0.02 electrons/pulse gave us a few percent probability to induce a reaction at about
10−2 mbar target pressure. The final results are due to four day-long measurements,
two with and two without the target gas.
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5.1 A general overview
The first and most obvious result is the unconditional histogram of all the recorded
electrons seen in Fig. 5.1. It possesses a similar structure to the electron energy
loss spectrum shown in Fig. 2.4. Most of the electrons either scatter elastically or
do not scatter at all, resulting in the “elastic” peak which vanishes after subtraction
revealing the valence excitation peak (‘3p−1’), the 2p−1 peak and the L-MM Auger
multiplet. The FWHM of the elastic peak here is about 10 eV and corresponds to
pulse duration converted to the energy scale. There are still non-vanishing structures
in the otherwise smooth background we can attribute to the temporal instability of
the experimental parameters and the modification of scattering from nearby surfaces
when the target gas is present. The Auger L-MM inset in Fig. 5.1 is compared to
Slika 5.1: Single electron spectra taken with (solid red, left logarithmic scale ) and
without (dashed blue, left logarithmic scale) with their difference (solid black, right
linear scale). Inset : The magnified L-MM Auger peaks.
the numerically calculated Auger spectrum after 2p−1 ionization in Fig. 5.2 along
with the data from a detailed study done by Werme et al. [34]. Our data set agrees
with the one by Werme and we observe three distinct peak groups, that merge into
three broad peaks after applying the same broadening of ∼ 3 eV as is present in our
experiment to the Werme data set, taken with much better resolution. Our RATIP
calculation is not complex enough to account for multielectron effects in argon decay
dynamics and can reproduce only the primary Auger decay path.
To further enhance the signal with respect to the background, we used the co-
incidence technique where only events with two or more electrons per pulse are of
interest. Looking at the (e, 2e) coincidence map in Fig. 5.3, where the coincidence
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Slika 5.2: Auger LMM spectrum after 2p−1 ionization in argon as calculated by
the RATIP program (green dashed curve), measured by Werme et al. [34] using a
3 keV electron beam and from our experiment with 800 eV electrons (black points ).
The data by Werme are shown as they appear in their original work (solid blue )
and after convolution with a Gaussian curve with a FWHM of 3 eV (orange curve),
corresponding to the resolution of our spectrometer at 200 eV.
yield is presented, reveals several of the above-mentioned interactions confirming
the validity of the measurements in a single figure. We see two distinct series of
lines. The first are parallel to the plot axes. These represent events where one of the
collected electrons had a constant energy of about 200 eV while the energy of the
other electron was distributed continuously from 0 up to around 550 eV. These are
the L-MM Auger electrons paired with either a scattered or a 2p ejected electron.
The energy of the latter can range from zero to T − B2p, B2p being the 2p ioniza-
tion energy. The second series are diagonal lines belonging to the scattered-ejected
electron pairs. The sum of their kinetic energies E1 +E2 is equal to T −B, B again
denoting the ionization energy of the atomic shell. The scattered and ejected elec-
trons share the available energy in a U-shape manner according to the BEB theory
as discussed in section 2.2. The emission is more likely for one “fast” and one “slow”
electron than for two electrons with similar energies. The temporal version of this
plot (Fig. 5.4) reveals the dead-time for two particle detection which is 6 ns in our
detection system. This is basically a pulse-to-pulse resolution of our constant frac-
tion discriminator driving the TDC with the shortest possible NIM output pulses.
In figure 5.5 is a histogram of the sums of the energies of the two coincidence
electrons. One can envisage such a plot by projecting the (e, 2e) map 5.3 along
the diagonal lines. This way the Auger component is lost but the scattered-ejected
electron peaks are more clearly seen. These directly correspond to 2s, 2p and 3p
ionization potentials. Besides those one also notices 2p and 3p shake-up peaks, where
along with ionization a second electron was excited to a higher, unoccupied level.
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Slika 5.3: Two-electron coincidence map with the two kinetic energies on the axes.
The horizontal axis measures the energy of the faster electron and the vertical axis
represents the energy of the slower electron.
These peaks of course lie below their parent ionization peaks as some projectile
energy is lost for the excitation of another valence electron. The FWHM of the
3p−1 is about 10 eV while the 2p−1 peak is broader exhibiting a FWHM of about
11 eV. This is mainly due to the 2p−13/2-2p
−1
1/2 spin-orbit coupling and less asymmetric
electron energy sharing than the one for 3p−1.
One might expect to observe the signal of scattered-resonant Auger electron pairs
in the 760–770 eV range since the sum of their kinetic energies is constant for a given
final state. Resonant Auger electrons are emitted in nonradiative decay of 2p−1nl
resonances into the final Ar+3p−2nl states. This peak is mostly likely overshadowed
by the much stronger 3p shake-up state in the vicinity as while the resonant signal
takes place only at a specific energy loss, the latter process can occur for any energy
loss above the 3p−2np threshold.
We notice a physically impossible peak at 810 eV which we can quickly explain
away in the following manner: There is a substantial background of low energy elec-
trons increasing as E → 0, which contributes to false coincidences with elastically-
or non-scattering electrons. This would lead to an unevenly high peak at T . Setting
the cut-off energy in the analysis to εc = 10 eV this gives rise to a false peak at
T + εc as now slow electrons with energy εc dominate. Increasing the cut-off moves
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Slika 5.4: Difference of two two-electron coincidence maps with the two TOF on the
axes. The difference between the diagonal line going through the (0,0) point and
the image edge is 6 ns.
the false peak further away from the 3p−1 peak but at the same time diminishes
intensity of the latter. Namely, due to the strongly uneven energy sharing among
the electrons in a single pair, the largest contributors to the valence peak are the
pairs, where one of the electrons has an energy close to zero and are now being
ignored as more and more of them fall below εc.
Continuing in the same fashion and histograming sums of three electron energies
yields figure 5.6. Here by far the largest peak of true coincidences belongs to the
3p−2 2P,1D,1S states where we detected the scattered, ejected and the L-MM Auger
electron in coincidence. The second discernible feature at 515 eV is a combination of
two possible channels. In the first the scattered electron is detected alongside a 2p
and a 3p electron from the same atom or in the second, we see a scattered electron,
a 2s ejected electron and an Auger electron from a L1-L23,M23 Coster-Kronig decay
of the 2s hole. These paths both lead to the 2p−13p−1 final state. Other artifacts
at 530 and 550 eV are most likely due to false coincidences of a slow electron with
pairs of electrons originating from 2p and 2p shake-up ionizations.
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Slika 5.5: Histogram of two-electron energy sums. Inset : Enlarged 2s and 2p ioni-
zation peaks at three different electron cut-off energies εc. The legend is the same
as in Fig. 5.1.
Histograming four-electrons energy sums reveals only one true coincidence (Fig. 5.7)
at 712 eV which reflects the 3p−3 final state reached via the L23-M23M23 decay from
the 2p−13p−1Ar2+ state which can be reached either directly by double ionization
or by a Coster-Kronig decay of the 2s hole [57].
5.2 Quantitative data analysis
The presented spectra yield much more information when analyzed more thoro-
ughly than just identifying the observed peaks. Comparing the recorded results
to the theoretical model allows for an extensive determination of the spectrometer
properties. According to the literature [22, 58, 59], the total electron scattering
cross-section σT is made up of the elastic scattering cross-section (50%), the excita-
tion cross-section (16%) and ionization cross-section (34%). Previous studies have
shown σT = 3.0 × 10−16 cm2 for an argon target with T = 800 eV. From the BEB
model we discern the ionization cross-sections for the argon subshells in question
at T = 800 eV in Table 5.1. First we return to the histogram of the unconditional
single-electron spectrum in Fig. 5.1. As L-MM Auger electrons stem from the 2p
vacancy, their yield is a good measure of 2p−1 ionization intensity. Comparing this
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Slika 5.6: Three-electron energy sums. The cut-off εc was set to 10 eV here as well,
resulting in three distinct false coincidence peaks. The legend is the same as in
Fig. 5.1.
subshell 3p 3s 2p 2s
σBEBI [cm2] 8.6× 10−17 1.3× 10−17 1.1× 10−18 1.9× 10−19
Tabela 5.1: Ar ionization cross-sections as predicted by the BEB model at 800 eV
electron impact energy.
to the 3p−1 peak intensity while taking into account that only 60% of this peak is
due to true 3p−1 ionizations1 this gives the measured 2p/3p ratio of 1.3±0.2%. This
values agrees with the theoretical cross-section ratio σ2p/σ3p ≈ 1.2%. Now we take
a closer look at the inset where the L-MM peaks are shown in more detail. These
correspond roughly to 3p−2, 3s−13p−1 and 3s−2 final states and the signal partition
concurs with a previous high resolution study done with a 3 keV electron beam[34].
Lastly we compare the measured signal ratio for the 2s−1 versus the 2p−1 peak in
Fig. 5.5 at 0.17± 0.02 to the theoretical prediction σ2s/σ2p ≈ 0.172. The two values
agree very well. These results point to a uniform electron detection efficiency (DE)
from 0 to 800 eV as there is little discrepancy between the measured and predicted
yields. Detection efficiency is explored in more detail further below.
Analyzing the 3p−1 and elastic peaks in the single-electron histogram 5.1 we that
1The remaining signal is due to the 3p−1nl non-ionizing excitations by the scattered electrons.
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Slika 5.7: Four-electron energy sums. Again, εc = 10 eV, showing two false coin-
cidence peaks. In red and blue are with the gas and without the gas in the cell,
respectively.
the ratio between the two is about 14%. Using the Beer law [23]
I = I0e−σnD, (5.1)
where I, I0, σ, n and D are the count rate diminished due to absorption, the
non-attenuated count rate, the interaction cross-section, the atom number density
and the length of the gas cell, respectively, we can estimate the product of the
gas cell pressure and length needed to scatter 14% of electrons at 0.4 mbar×mm.
Considering the pressure values mentioned in 3.2.1, this can be achieved in with our
gas cell. Though, as pointed out in the same section, this is not truly precise, as at
room temperature we are right on the boundary between the laminar and molecular
flow regimes.
We would now wish to further explore the 3p−1 signal which we do by summing
the electron energy loss spectra in the (e, 2e) map 5.3 for ejected electron energies
above εc. This is presented in Fig. 5.8. In such a way, electron pairs with the most
asymmetric energy sharing are not accounted for due to the discussed U-shaped
distribution predicted by the BEB model. Increasing εc causes an increase in the 3s
and 3p−1 shake-up peaks relative to the 3p−1 peak as the energy sharing distribution
is much steeper for the latter than for the first two. This can be seen in the inset of
Fig. 5.8, where we plotted the ratio of the 3s−1 to the 3p−1 intensity as a function of
the cut-off energy. One can obtain a corresponding theoretical curve from the BEB
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as a function of εc. The BEB model SDCS for 3s and 3p subshells are shown in
Fig. 5.9.
The matching between the plot points obtained by measurements and the model
curve is good and confirms the validity of the used model. We also see that the
effect is not as pronounced for the L shell as it can already be guessed from the inset
of Fig. 5.5. In fact, the experiment shows a slight increase of the 2p-shake up peak
relative to the 2p and 2s peak, not expected by the model. The discrepancy may be
due to three-body dynamics not accounted for in the BEB model.
5.3 Electron detection efficiency
The recorded spectra can be used to estimate the total detection efficiency (DE) of
our MBES. The Auger line pairs seen on the two-electron map 5.3 (horizontal and
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Slika 5.9: 3s and 3p SDCS as a function of E calculated for electron impact energy
T=800 eV. For 3p ionization the energy sharing is indeed steeper than for 3s io-
nization, the reason behind the observed increase of relative intensity of 3s−1 peak
versus 3p−1 peak, shown in Fig. 5.8.
vertical, reflected at the diagonal) consist of an Auger electron and either a scattered
or ejected electron. The energy of the former is fixed at around 200 eV and the line
intensity should abide by the BEB model distribution. Any discrepancy from the
model must therefore arise from an energy dependent DE. Assuming validity of the
theoretical description this would enable us to determine the relative DE from zero
energy to T −B2p. In a similar fashion one can analyze the diagonal 2p−1 line where
scattered-ejected electron pairs are shown. Fig. 5.10 shows the results of such an
analysis together with the expected U-shape distribution. Although there is a strong
variation of the signal due to superimposed background structures, crossing with the
2p ionization signal and reduction of the signal due to the detection dead time, there
is an approximate agreement with the BEB energy sharing shape. It is important
to note that on the two-electron map, all the scattered-electron pairs are present on
the plot and their number is only half of the pairs in the L-MM Auger line. Even
though these electrons originate from the same process, each of the Auger electrons
can form two pairs, one with the scattered and one with the ejected electron.
To determine the absolute value of DE one can compare the unconditional yield
of electrons and their yield in coincidence with an electron from the same process.
Looking the unconditional histogram in Fig. 5.1 the L-MM feature seems a fine
candidate for such an analysis. Assuming a uniform detection efficiency η, the
ratio between the L-MM yield in coincidence with either a scattered or ejected
electron and the unconditional L-MM yield should be equal to 2η and evaluating
the results gives η ≈ 0.22 ± 0.03. Performing similar ratios with the combined 2s
86














































Slika 5.10: Integrated L-MM (black circles) and 2p−1 (white circles) intensities along
with the BEB energy sharing fit for the L-MM signal line (red line).
and 2p scattered-ejected coincidence pairs yield to the total L-MM yield, and 3s
and 3p scattered-ejected coincidence pairs to the total number of scattered electrons
ionizing the valence shell, puts η at 0.23± 0.03 and 0.22± 0.1, respectively.
The last method to asses the absolute DE is to compare histograms of the same
feature, that differ in the number of electrons detected in coincidence with the
electron responsible for the said feature. This can be nicely done and seen in the
L-MM Auger peaks, as shown in Fig. 5.11. Here we compare the yield of the Auger
electrons, when they were detected alone, in coincidence with (mostly) either a
scattered or an ejected electron or (mostly) with both the scattered and ejected
electrons. The ratios should follow η (1− η2) : 2η2 (1− η) : η3. The measured
partition is equal to 1 : 0.59 : 0.15 and is indeed in quite good agreement with the
1 : 0.60 : 0.09 ratio, achieved by using η = 0.23 from the paragraph above.
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Slika 5.11: Histograms of the L-MM event for different numbers of electrons detected
in coincidence with the Auger electron compared to the total sum, which is then




This work presents the design, construction and the first application of the electron-
driven MBES, a new spectroscopic tool to be used for studies of low density matter.
The work done by Kruit and Read, the two pioneers in using the magnetic-bottle
principle in electron spectroscopy, was expanded upon and upgraded by various
numerical simulations confirming their findings, such as the significance of the adi-
abatic regime, while also discussing new phenomena emerging while developing an
instrument of a new type. The simulation results were crucial to achieve a deeper
understanding of many different ways electron trajectories are affected by the ini-
tial parameters and enabled the interpretation of the recorded detector images and
spectra.
To be able to fix and improve our system, we had to know first the reason for
imperfections we were observing. Adding more degrees of freedom by mounting
the permanent magnet set-up and the electron source both on separate multiple-
axis manipulators and carefully aligning all the components would probably lead
to an improved electron collection. We have shown that the detector images are
sensitive to even slight variations of some of the initial set-up parameters. Also
using a larger detector might reduce signal oscillations due to the ‘breathing’ effect
at higher energies. The permanent magnet field in combination with the drift field
was strong enough to parallelize a substantial part of electron trajectories, although
here the magnetic field gradient is what counts. To improve on this, one could use
a different type of magnets with a larger radius and change the geometry to achieve
a steeper gradient. Previous designs [40, 43] reported nearly 70% total electron
efficiency, which is in disagreement with our numerical estimate, even if we take
only electrons with E < 250 eV into account.
The main hurdle that bared a construction of such a device in the past was
finding a way to direct the initial electron beam to the target region. This was
solved by placing the electron source parallel to the main axis and firing electrons
through a hole drilled in the soft iron core. This way most of the electrons that
pass through the hole would reach the detector. The majority of detection events is
therefore concentrated in the “elastic” peak which contains a small contribution of
elastically scattered electrons with the rest being the projectiles not interacting with
the target at all. On the way from the gun to the target the beam gets contaminated
by electrons of lower kinetic energies that form a considerable background in the
spectra. More projectiles per single pulse arriving to detector at the same time would
also complicate the subsequent data analysis when looking for two- or more-electron
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coincidence events. For these reasons the source was kept at a relatively low intensity
at about 0.02 electrons/pulse giving a few percent probability to induce a reaction
at the target gas pressure of about 10−2 mbar inside the gas cell as mentioned.
To increase the rate and reduce the measuring time we should stem to increase the
repetition beyond 70 kHz which was a limitation of our current version of the Behlke
switch.
An existing custom built electron source needed to be adapted to produce short,
about 1 ns long pulses by sweeping the continuous beam across a small aperture. In
the early phases of design we were concerned whether the electron gun would emit
a sufficiently bright beam so enough electrons would reach the gas cell in a short
enough time so that a meaningful reaction rate would be induced. As it turns out,
this was not a problem and as discussed above, a brighter source with more electrons
per pulse would increase the background and could even damage the detector. In the
end we were working at the moderate level of the available source brightness with 1
ns long pulses. Improvements could be made in more precise alignment capabilities
of the gun holder so as not to lose electrons due to scattering before reaching the
target region. A more systematic approach to the whole system delivering voltage
pulses to the deflectors in a way that would minimize noise and any reflections at line
couplings would certainly yield even shorter and more defined excitation pulses which
would in turn increase the resolution. For even shorter electron pulses a complete
redesign of the electron source would be needed. Recently, ultra-fast electron sources
with a pulse length of ∼ 60 ps have been implement by using a pulsed VUV laser to
remove electrons from a gold photocathode and then accelerating and focusing the
pulsed beam [60].
A great advantage of having an electron-driven MBES is the ability to use it in
one’s own laboratory without having to apply and wait for a beamtime and then
moving the whole set-up to a synchrotron facility. Being a TOF machine, excitations
must not proceed at time intervals shorter than time of flight of the slowest electrons
created by decay of excited state to correctly extract the electron kinetic energies.
This either limits the use of the apparatus to when the light source is operating in
single bunch mode or necessitates a custom beam chopper to thin out the photon
pulses [61, 62]. Using electrons instead of photons as an excitation source also widens
the range of achievable final states because the interaction is not overwhelmingly
dominated by the dipole term.
One might envisage using accelerated positive ion projectiles as one of the next
steps in upgrading the machine. It might be easier to bring ions to the target than
electrons. Ions are much heavier and their curvature in the magnetic field is much
smaller compared to electrons with the same velocity. This might allow us to couple
the MBES to a proton beamline the same way as to the photon beamline, thereby
reducing the S/N ratio as well as the detector load.
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In physics it is often handy to introduce dimensionless variables which greatly sim-
plify equations and in turn reduce the computational errors in numerical models. In
the realm of atomic physics and in this work we usually employ (Hartree) atomic
units which spring from the quantities, most often present in the equations.
We begin constructing such a system by defining a new unit of length from




= 0.529 · 10−9 m.
This is equal to the classical electron orbit radius in a hydrogen atom according to
the Bohr model and is as such known as the Bohr radius. From the same set we can









called a Hartree and equal to two times the value of the energy of the hydrogen atom.
Units for subsequent dimensions are defined in a similar fashion and are listed in
the table A.1.
For example in this way the mass of the proton can be written down as
mp = 1836 a. u.
a. u. obviously meaning atomic units. One might often forgo a.u. and just write
mp = 1836,
where the atomic units are implied. The speed of light in this system is equal to




The major physical constants met in atomic physics (~, e0, me, 4πε0) are thereby
















to the one presented in 2.2.
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Dodatek A. Atomic units
dimension unit SI value
length a0 = ~
24πε0
mee20
0.529 · 10−9 m




angular momentum ~ 1.054 · 10−34 J s
mass me 9.109 · 10−31 kg
time tB = ~EHa 2.418 · 10
−17 s
velocity vB = ~mea0 2.187 · 10
6ms−1
momentum ~/a0 1.992 · 10−24 kgm s−1
charge e0 1.602 · 10−19 As
cross-section a20 2.798 · 10−17 cm2
magnetic flux density ~/ (e0a20) 2.350 · 105 T
Tabela A.1: Atomic units
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Dodatek B
On the conservartion of angular
momentum
We wish to elaborate on the conservation of angular momentum in the adiabatic
regime. To simplify the model, we imagine an essentially two-dimensional problem
in cylindrical coordinates where the magnetic field is directed along the z axis and
now changes with time, which is analogous to the electron moving into a region with







where t̃ = 2π/B is the time needed for one revolution about the field line. Parameter
χt signals the adiabatic regime when its value is much less than 1. It is equivalent
to χ 3.9 that applies in case of the static inhomogeneous magnetic field, as seen by
substitution dt → dz/v in the above formula. We modeled the temporal profile of
the homogeneous magnetic field as










Parameters t0 and τ determine when and how quickly the field changes from B0 to
B0 + ∆B. Equations of electron motion are the same as in 4.13 but without the z
component







Simulations were performed for 1 keV electrons in the xy plane in two regimes:
the adiabatic slow field change (τ = 2t̃) and non-adiabatic fast field change (τ =
t̃/10) of magnetic field from B0 to 2B0. Fig. B.1 shows the magnetic field density B
and the adiabaticity parameter χt as they change with time for both cases.
The calculated trajectories are shown on Fig. B.2. In both cases they describe an
inwards spiral, but the right (non-adiabatic) trajectory ends up orbiting a different
field line to the staring one. This is in accordance with what Kruit and Read
described in their pioneering MBES publication [10].
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Slika B.1: Magnetic field density and adiabaticity in the adiabatic (left, τ = 2t̃) and
non-adiabatic (right, τ = t̃/10) regimes.
Slika B.2: Adiabatic (left) and non-adiabatic (right) trajectories. Note how a gradual
field change slowly shrinks the trajectory as opposed to the fast switch.
As the magnetic field performs no work on a moving charged particle, its energy
should be conserved as is evident from Fig. B.3, where the electron velocity is plotted
as a function of time. Nevertheless, as is shown in Fig. B.4, the orbital angular
momentum
l (t) = meρ
2 (t) φ̇ (t)
is not conserved. The magnetic field exerts torque
M (t) = ρ (t) ρ̇ (t)B (t)
on the charged particle decreasing the orbital angular momentum. Both the angular
momentum and the torque are shown in Fig. B.4 as they change with time. However,
it still holds that change of the electron orbital momentum in a given time interval
equals the integral of the torque over the same time interval:























Slika B.3: In both cases electron velocity v stays constant with time, and so does
the electron kinetic energy mev2/2.
Slika B.4: Electron orbital angular momentum and magnetif field torque as functions
of time for both τ = 2t0 (left) and τ = t0/10 (right) cases.
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Razširjeni povzetek v slovenskem
jeziku
Uvod
Elektronska spektroskopija ima v fiziki atomov in molekul že dolgo tradicijo. Za-
četki segajo v drugo polovico devetnajstega stoletja, ko je Heinhrich Hertz leta 1887
opazil, da elektrostatsko nabit predmet izgublja naboj, ko ga obseva ultravijolična
svetloba. Fotoelektrični pojav je leta 1905 z diskretnimi paketi svetlobe, fotoni, opi-
sal Albert Einstein. Področje se je tekom dvajsetega stoletja razširilo in elektronska
spektroskopija se je uveljavila kot ena od standardnih metod eksperimentalne fizike
in kemije. Kot najsplošnejši primer si predstavljamo, da vzorec s fotoni, elektroni
ali ioni vzbudimo v energijsko višje stanje ali pa ga z izbitjem vezanih elektronov
ioniziramo. Takšno stanje je nestabilno in slej kot prej preide v svoje osnovno sta-
nje z izsevanjem fotona ali še enega, Augerjevega, elektrona. Z zbiranjem izbitih in
izsevanih elektronov ter merjenjem njihovih kinetičnih energij zgradimo elektronske
spektre, s pomočjo katerih sklepamo na strukturo snovi ter dinamične procese v
njej.
Eden zahtevnejših vidikov uporabe elektronske spektroskopije je zasnova sistema
za uspešno zbiranje, zajemanje in analizo elektronov. Tradicionalno se uporabljajo
elektrostatski analizatorji, ki s posebej oblikovanim električnim poljem vodijo elek-
trone do detektorja. Njihova težava je tem, da pokrivajo relativno ozek prostorski
kot, zaradi česar so za študije redkih procesov, kjer pričakujemo šibak signal, ne-
primerne. Preprosta rešitev, kjer bi povečali vstopno režo s žal poslabša ločljivost




kjer je S tipična dimenzija naprave.
Zgledujoč se po raziskovalcih zlivanja jeder, so v osemdesetih letih dvajsetega sto-
letja začeli uporabljati močna in divergentna magnetna polja kot magnetna zrcala
za zbiranje elektronov [4]. Tak pristop je ugoden, saj magnetno polje ne opravlja
dela na gibajočih se nabitih delcih, tem pa se zaradi tega ohranja energija. Sin-
tezo dotedanjih spoznanj sta leta 1983 dosegla Kruit in Read s prvim elektronskim
spektrometrom na magnetno steklenico [10].
Fizikalno ozadje
V atomski fiziki se poslužujemo opisa z nerelativistično kvantno mehaniko, kjer sta-





kjer je E energija stanja. Hamiltonov operator je v nerelativistični limiti tu sesta-
vljen iz vsote kinetičnih energij posameznih elektronov, elektrostatske interakcije
med njimi ter elektrostatske interakcije med njimi in atomskim jedrom. Problem se
ponavadi zapiše v sferičnem koordinatnem sistemu. Ta je rešljiv le za posamezen
elektron (vodikov atom), kar uporabimo za približek tudi pri ostalih atomih. Tako





Pnili (ri)Ylimi (Ωi)χ (msi) .
To nam prinese nabor kvantnih števil [nlj], s katerim označimo vrzeli v atomu. Poleg
omenjene, spektroskopske notacije, se pogosti uporablja t.i. IUPAC notacija, katere
primer za argon s pripadajočimi vezavnimi energijami vidimo v spodnji tabeli.
spektr. not. 1s1/2 2s1/2 2p1/2 2p3/2 3s1/2 3p1/2 3p3/2
IUPAC K L1 L2 L3 M1 M2 M2
vez. ene. [eV] 3205,9 326,3 250,6 248,4 29,3 15,9 15,7
Tabela 6.1: Enoelektronska stanja argona z vezavnimi energijami [14].
Pri sipanju elektronov na atomih začnemo z gibalno količino k0 in kinetično
energijo T ki vpada na atom z Z elektroni. Ta je v svojem osnovnem stanju ψ0
z energijo E0. Gibalna količina elektrona po sipanju je kn, končno stanje atoma
pa ψn. Elektron je atomu predal energijo E, tako da je njegova končna kinetična
energija E1 = T −E. Sipanje je elastično, kadar elektron ne preda energije atomu in
se mu spremeni le smer trajektorije. Diferencialni presek dσ/dΩ za sipanje elektrona
na atomu v detektor postavljen na koordinatah (θ, φ) definiramo kot razmerje med
tokom zaznanih in gostoto toka vpadlih elektronov. Totalni presek za elektronsko
sipanje je tedaj integral diferencialnega preseka po celotnem prostorskem kotu





Za nerelativistične vpadne elektrone, katerih hitrost je dosti višja od povprečne
hitrosti kroženja vezanega elektrona v atomu, lahko presek σn za prehod v vzbujeno









|〈n |V | 0〉|2 ,
kjer smo uvedli reducirano maso µ. Izraz je zapisan v atomskih enotah, ki jih bomo
uporabljali do konca tega razdelka. Če definiramo še K = k0 − kn, lahko v prvi










z matričnim elementom εn (K) = 〈n|
∑Z
j=1 exp iK · rj|0〉. Pogosto uporabljena me-
toda pri izračunih sipanih presekov je t.i. metoda BEB (binary-encounter Bethe ),
ki predvideva, da so majhni prenosi energije pri sipanju veliko verjetnejši od velikih.
Tako pričakujemo veliko več nizkoenergijskih izbitih elektronov. V elektronskem
spektru, kjer bi zbrali tako izbite kot tudi sipane elektrone, pričakujemo tako po-
razdelitev v obliki črke U. Ionizacijski presek za atomsko podlupino i s številom

















kjer Si = πNiB−2i , t = T/Bi in u = Ui/Bi, Ui pa je povprečna kinetična energija
elektrona v podlupini. Ponavadi postavimo Ui = Bi.
Po vzbuditvi (ionizaciji) se atom (ion) vrne v osnovno stanje preko nesevalnega
razpada, kjer se izseva dodatni, Augerjev, elektron, ali preko sevalnega kanala, kjer
pride do izseva fotona. Pri razpadu lupine L v argonu je verjetnost za sevalni razpad
zanemarljiva in upoštevamo le prvega.
Magnetna steklenica
Elektronski spektrometer z magnetno steklenico je v osnovi spektrometer na čas
preleta (time-of-flight, TOF), kjer kinetične energije elektronov izračunamo na pod-
lagi časa, ki so ga potrebovali za pot do detektorja. Posebno oblikovano magnetno
polje zbere elektrone, paralelizira njihove trajektorije in jih skozi potovalno cev vodi
do detektorja. Trk med projektilom in vzorcem ter nadaljnji razpadi se odvijejo na
področju z močnim in divergentnim magnetnim poljem Bi. Elektron z energijo E,
ki se izseva pod kotom θi glede na os z kroži okoli ene od silnic po vijačnici s ciklo-
tronsko frekvenco ωi in ciklotronskim radijem ri. Če se polje vzdolž osi z spreminja
dovolj počasi, tako da se ob enem obratu okoli silnice ne spremeni dosti, elektron
kroži zmerom okrog iste silnice, četudi se le-ta zvija zaradi prostorske in/ali časovne
spremembe magnetnega polja. Takrat smo v adiabatskem režimu in ob sklopitvi









Polje Bi lokalno spominja na magnetni monopol in s tem deluje kot magnetno zrcalo.






Največja vrednost parametra χ določa režim delovanja magnetne steklenice. Za
χmax < 1 se nahajamo v adiabatskem območju in spektrometer deluje optimalno.
Izven njega (χmax ≥ 1) še vedno uspešno zbiramo elektrone, a pride do razmazanja
trajektorij po prostoru in se slika na izvoru ne preslika več v sliko na detektorju. Pri
še večjih vrednostih (χmax  1) pa lahko opazimo poslabšanje časovne ločljivosti.
Kruit in Read [10] navajata tri pogoje za uspešno delovanje magnetne steklenice: (i)
magnetno polje Bi mora biti dosti močnejše od polja v potovalni cevi, (ii) sklopitev
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Slika 6.5: a) Shema elektronskega spektrometra na magnetno steklenico z elektron-
skim vzbujanjem. Črni vijugasti krivulji predstavljata dve elektronski trajektoriji,
ki krožita okoli magnetnih silnic. b) Plinska celica, kjer pride do interakcije med
elektronskim žarkom in tarčnim plinom.
med Bi in Bf se mora zgoditi na razdalji, ki je dosti krajša od dolžine potovalne
cevi, in (iii) adiabatnost χ naj bo karseda nizka. Zaradi praktičnih omejitev je
nemogoče zadostiti vsem pogojem hkrati, zato je potrebno najti kompromis, kjer
naprava deluje karseda dobro.









kjer je L dolžina cevi. Ker elektron kroži okoli silnice, se mu podaljšata trajektorija
































Elektronski spektrometer z magnetno steklenico in elektronskim vzbujanjem smo
sestavili v domačem laboratoriju. Razdelimo ga lahko na tri dele, ki so med seboj
šibko sklopljeni in jih lahko zato obravnavamo ločeno. Celoten sistem smo z dvema
turbomolekularnima črpalkama držali na tlaku okoli 10−7mbar. Razen detektorske
komore so vsi ostali deli obdani z magnetnimi ščiti iz µ-metala, s katerimi smo
preprečili vdor zemeljskega magnetnega polja. Dosedaj so magnetne steklenice za
vzbujanje uporabljale fotone, ki so na vzorec vpadali prečno na os spektrometra
(os z). Elektronski žarek ne more vpadati na vzorec v isti smeri, saj bi se zaradi
močnega magnetnega polja odklonil, preden bi prispel do reakcijskega področja.
Odločili smo se, da elektronsko puško postavimo za permanentne magnete in jo
usmerimo vzdolž osi z. Ker je prevladujoča komponenta polja v smeri z, naj ne bi
vplivala na trajektorije začetnih elektronov.
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Za polje Bi smo uporabili 12 cilindričnih magnetov NdFeB razporejenih v križ
s tremi magneti na krak okoli sredice iz mehkega železa, oblikovane v stožec. Tako
bi se magnetne silnice zbrale na drobnem področju tik ob konici. Skozi sredico smo
izvrtali luknjo za prehod elektronov iz elektronske puške. Ponavadi se tarčni plin
do točke reakcije prepelje skozi injekcijsko iglo, kjer se ga spusti v vakuum, ta plin
pa se potem razširi po prostoru. V našem primeru bi to lahko prestavljalo problem,
saj je vir vzbujanja vzporeden z glavno osjo in bi začetni elektroni ali pa tisti, ki
bi se sipali elastično oziroma so izgubili malo energije, povzročali vzbuditve vzdolž
spektrometra, kar bi močno pokvarilo časovno ločljivost. Zato smo na nosilec ma-
gnetov namestili plinsko celico, ki je poskrbela za večjo razliko tlakov med območjem
reakcije in preostalim delom naprave. Sestavljena je iz dveh vzporednih plošč, med
katerima je obročasto tesnilo. Na izhodu je navarjena bakrena cevčica, ki še dodatno
zmanjšuje uhajanje plina iz celice.
Potovalno cev dolžine 2m in premera 160mm smo oblekli v tuljavo z bakreno
žico debeline 1mm in gostoto navojev 1 navoj/mm. Pri toku 1A smo tako dobili
gostoto magnetnega polja Bf ≈ 1mT znotraj cevi. Okoli tuljave smo navili še cev,
po kateri je tekla hladna voda za odvajanje toplote, ki jo proizvaja tuljava med
delovanjem.
Za detektor smo uporabili večkanalno ploščico (MCP), ki je sestavljena iz več
ozkih (∼ 10–100µm) in kratkih (∼ 1mm) kanalov, od katerih vsak deluje kot po-
množevalec vpadlih nabitih delcev. Njihova prednost je predvsem dobra časovna
ločljivost in neobčutljivost na magnetna polja [48], zaradi česar so idealne za naš
primer. Uporabili smo pogosto postavitev dveh ploščic za večje ojačenje. Detektor
je imel hkrati tudi dve med seboj pravokotni zakasnilni liniji, s katerima smo lahko
določili tudi pozicijo vpadlega elektrona.
Začetne elektronske pulze smo proizvedli z elektronsko puško, izdelano v na-
šem laboratoriju. Elektronski žarek z vroče tantalove katode smo z elektrostatskimi
deflektorji odklanjali tako, da je česal preko 400 µm široke reže, s čimer smo ža-
rek razrezali na kratke gruče. Izmenično napetost smo na deflektorje pripeljali iz
visokonapetostnega stikala Behlke FSWP 51-02, s katerim smo dobili dva elektron-
ska pulza na vsakih 14,2 µs. Ker ta dva nista bila enaka, smo z dodatnim parom
deflektorjev odklonili enega od njiju in s tem še zmanjšali obremenitev detektorja.
Celotno meritev narekuje pulzni generator pri 70 kHz, ki proži tri instrumente.
Prvi od teh je Behlkejevo stikalo, ki skrbi za odklanjanje elektronskega žarka. Drugi
del preko nastavljive zakasnitvene enote proži sekundarne deflektorje. Tretji preko
časovno-digitalnega pretvornika (TDC) proži zajemanje detetorskih pulzov. Detek-
tor ob vpadu elektrona odda pet signalov. Prvi nosi informacijo o času, preostali
pa pozicijo na detektorju. Vsi pulzi po ojačitvi in pretvorbi v signale NIM prista-
nejo na enoti TDC, kjer sprožilni pulz odpre 1 µs dolgo okno. Taisti signal zaradi
slabe časovne ločljivosti okna prav tako peljemo na vhod enote TDC, tako da so vsi
časi preleta določeni relativno nanj. Digitalizirani podatki so preko vodila VME NI
PCI-MXI2 prenešeni na računalnik.
Simulacije, kalibracija in testne meritve
Za napoved delovanja spektrometra smo simulirali prehod elektronov skozi njegove
različne dele. V ta namen smo uporabili komercialni programski paket CST, ki deluje
na osnovi metode končnih elementov. Ta se je izkazal kot odlično orodje za izračun
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magnetnega polja ter širše slike elektronskih trajektorij, sploh pri oceni prehoda
elektronov skozi magnetni sistem. Žal CST pri natančnejšem sledenju elektronom
po prostoru ni upošteval simetrijskih pogojev in ni zmogel reproducirati izmerjenih
slik na detektorju. Zaradi tega smo za te potrebe uporabili lastno numerično kodo,
kjer smo magnetno polje permanentnih magnetov aproksimirali s poljem magnetne
zanke.
Glavne ugotovitve numeričnih simulacij elektronskih trajektorij so naslednje:
1. Časovna razširitev elektronskega pulza zaradi prehoda skozi močno magnetno
polje je zanemarljiva.
2. Žarek elektronov, ki izvirajo iz iste točke pod različnimi koti, se pri potovanju
po cevi širi in krči, kar lahko pri višjih energijah privede do tega, da elektroni
zgrešijo detektor.
3. Vsakršna fizična neporavnava sestavnih delov (elektronskega vira, magnetnega
sistema ...) se pozna na sliki na detektorju, kar spet pride bolj do izraza pri
višjih energijah elektronov. To nas privede do spoznanja, da je za čimboljše
delovanje spektrometra pomembna natančna poravnava vseh komponent, kar v
principu zahteva uporabo večosnih vakuumskih manipulatorjev z nastavljivim
zasukom.
Z uvedbo majhnega kota med glavno osjo spektrometra in smerjo močnega ma-







Slika 6.6: Slike na detektorju pri različnih Bf.
Izmerjeni elektronski spektri na argonu
S sipanjem elektronov s kinetično energijo 800 eV na argonu smo preizkusili delova-
nje spektrometra na magnetno steklenico z elektronskim vzbujanjem. Pričakujemo
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lahko, da bomo vzbudili in zaznali naslednje interakcije: elastično sipanje, neelasti-
nično sipanje, ionizacija, ionizacija z Augerjevim razpadom in ionizacija z večkratnim
Augerjevim razpadom. Meritve smo opravili pri relativno nizkem potovalnem polju
Bf ≈ 0.22mT. Od vsakega spektra smo odšteli ozadje, posneto brez plina v tarčni
celici.
V začetku si ogledamo enoelektronski spekter vseh zadetkov. Večina elektronov
se siplje elastično ali pa se ne siplje, kar privede do prevladujočega elastičnega vrha
pri energiji 800 eV. Ta pri odštevanju ozadja izgine in razkrije vrh valenčne 3p−1
ionizacije, rob ionizacije podlupine 2p−1 in signal Augerjevih elektronov L-MM. Ko
Slika 6.7: Brezpogojni enoelektronski spekter. V vstavku vidimo povečano Auger-
jevo komponento L-MM.
Augerjevo komponento primerjamo z izračunanim spektrom razpada vrzeli 2p−1,
opazimo ujemanje le v najmočnejšem vrhu med 200 in 210 eV. Šibkejši vrhovi v
izračunanem spektru, ki jih v meritvi ne opazimo, so po vsej verjetnosti skriti v
ozadju. Izmerjena vrhova pri ∼ 192 in ∼ 178 eV deloma pripadata procesom višjega
reda, ki ji izračun ne upošteva.
Z uporabo koincidenčne tehnike lahko dodatno zmanjšamo ozadje in izčistimo
pravi signal. Tu upoštevamo le dogodke, kjer smo zaznali dva ali več elektronov. V
gostotnih grafih, kjer osi predstavljata energiji dveh elektronov, ki smo ju zaznali v
istem dogodku, jasno vidimo več struktur: digonalne črte predstavljajo pare sipa-
nih in izbitih elektronov. Vsota energij v paru je konstantna in enaka razliki med
kinetično energijo projektila in vezavno energijo vezanega elektrona v podlupini.
Na sliki vidimo tri take črte za tri podlupine. Vodoravna črta, ki se na diagonali
prelomi v navpično, je posledica parov sipaniih in Augerjevih elektronov ter izbi-
tih in Augerjevih elektronov. Kinetična enegija Augerjevega elektrona v tem paru
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je vedno konstantna, energija drugega pa zvezno porazdeljena med 0 in T − B2p.
Dvodimenziolni koincidenčni histogram lahko seštejemo po diagonali in s tem do-
Slika 6.8: Koincidenčna mapa energij dveh elektronov.
bimo histogram vsot dveh elektronov, ki sta prišla v koincidenci. V oči bode vrh
pri nefizikalnih 810 eV, ki ga razložimo na naslednji način: ozadje nizkoenergijskih
elektronov pri E → 0 močno narase, kar bi privedlo do lažnih koincidenc z elastično
sipanimi elektroni z vsoto energij E1 + E2 = T . Analizo spektrov odrežemo v niz-
koenergijskem delu pri energiji εc = 10 eV, s čimer dobimo lažni vrh pri T + εc.
Na podoben način lahko tvorimo tudi histograme vsot energij treh in štirih ele-
ktronov v koincidenci.
Pridobljene spektre lahko seveda analiziramo tudi bolj kvantitativno. Vsi elek-
troni v vrhovih enoelektronskega spektra L-MM so posledica ionizacije 2p−1 in so
torej dobra mera za tovrstno sipanje. To komponentno lahko primerjamo z vrhom
3p−1. Upoštevajoč dejstvo, da je le 60% intenzitete slednjega zares posledica izbitja
elektrona iz atoma (preostanek pa namreč vzbuditve 3p−1nl in 3s−1), dobimo raz-
merje med intenzitetama 2p/3p= 1,3± 0,2%, kar se ujema z izračunom po modelu
BEB, kjer to razmerje znaša okoli 1,2%. V histogramu vsote energij dveh elektro-
nov lahko primerjamo izmerjeno razmerje vrhov 2s/2p= 0,17 ± 0,02 s teoretično
napovedjo ≈ 0,0172. Dobro ujemanje kaže na enakomerno detekcijsko učinkovitost
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Slika 6.9: Histogram vsot dveh koincidenčnih elektronov. V vstavku vidimo pribli-
žano okolico vrha 2p−1 pri različnih vrednostih εc.
spektrometra na območju od 0 do 800 eV. Signal 3p−1 na dvodimenzionalnem hi-
stogramu lahko podrobneje analiziramo tako, da ga seštejemo vzdolž lastne črte pri
različnih vrednostih εc. Opazimo rast kolena pred glavnim vrhom z naraščajočim
εc. Glede na model BEB je porazdelitev energij dveh elektronov, ki ima obliko črke
U, bolj strma za ionizacijo 3p−1 kot ionizacijo 3s−1 in vzbuditev 3p−1nl. S poveče-
vanjem spodnje energijske meje zavračamo zmerom več nizkoenergijskih elektronov
in s tem tudi njihovih visokoenergijskih parov. To obnašanje se ujema s teoretično





kot funkcijo εc. Ujemanje eksperimenta s teorijo potrjuje pravilnost modela BEB in
delovanje spektrometra.
S pridobljenimi spektri lahko ocenimo detekcijsko učinkovitost naše naprave.
Relativno učinkovitost lahko ocenimo z analizo Augerjeve črte v dvoelektronskem
histogramu. Omenjena črta je sestavljena iz Augerjevega elektrona, ki ima fiksno
energijo okoli 200 eV, in sipanega (izbitega) elektrona, katerega energija je zvezno
porazdeljena med 0 in T−B2p. Variacija intenzitete črte je torej odvisna od variacije
intenzitete signala sipanega (izbitega) elektrona, ta pa je posledica intrinzične poraz-
delitve po energiji in morebitne odvisnosti učinkovitosti od energije. Intenziteta črte
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Slika 6.10: Histogram vsot treh (zgoraj ) in štirih (spodaj ) koincidenčnih elektronov.
V vstavku spodnjega grafa vidimo edini pravi izmerjeni vrh štirih elektronov v ko-
incidenci. Ta je posledica razpada L23-M23M23 stanja 2p−13p−1Ar2+, ki ga zasede
Coster-Kronigov razpad vrzeli.
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vzdolž nje kaže profil črke U, ki ga napoveduje model BEB, kar ponovno potrjuje
enakomerno učinkovitost spektrometra v našem energijskem razponu. Absolutno
detekcijsko učinkovitost lahko ocenimo s primerjavo pridelka elektronov L-MM v ko-
incidenci s sipanim oziroma izbitim elektronom in s nekoincidenčnim pridelkom ele-
ktronov L-MM. Dobimo celotno učinkovitost za detekcijo elektrona η = 0,22± 0,03.
Na podoben način primerjamo še pridelek parov elektronov, sipanih na lupinah 2s in
2p, s pridelkom L-MM ali pa število elektronskih parov, sipanih na lupinah 3s in 3p z
vsemi elektroni, ki so se sipali na valenčni lupini. Dobimo vrendnost η = 0,23±0,03
oziroma 0,22±0,1. Na koncu lahko primerjamo pridelek elektronov L-MM v dogod-
kih, kjer so prišli sami, v koincidenci z enim ali s še dvema elektronoma. Razmerje
teh treh signalov naj bi sledilo η(1 − η2) : 2η2(1 − η) : η3 in znašalo 1 : 0,59 : 0,15.
Če uporabimo vrednost η = 0,23, dobimo teoretično vrednost 1 : 0,60 : 0,09, kar
potrjuje zgornje ugotovitve.
Zaključek
V distertaciji sem predstavil zasnovo, postavitev in prvo aplikacijo elektronskega
spektrometra z magnetno steklnico in elektronskim vzbujanjem. Nadaljevali smo
delo, ki sta ga začela Kruit in Read. Z numeričnimi simulacijami smo potrdili njune
ugotovitve, hkrati pa prišli do nekaterih novih spoznanj o delovanju takšne naprave.
To nam je omogočilo razlago izmerjenih slik na detektorju, s čimer smo razumeli,
kako občutljive so elektronske trajektorije na le rahle sprememebe nekaterih zače-
tnih parametrov. Z več prostostnimi stopnjami na vsaki komponentni, ki bi se jih
dalo natančno nastaviti, bi dosegli karseda optimalno poravnavo in s tem delovanje
spektrometra. Ob tem bi si želeli še večjega detektorja, ki bi pokrival celoten presek
potovalne cevi in bi tako izničil pojav “dihanja” elektronskega žarka. Učinkovitost
zbiranja elektronov bi glede na simulacije izboljšali z uporabo drugačnega tipa per-
manentnih magnetov in postavitve le-teh, tako da bi imelo magnetno polje strmejši
gradient na prehodu Bi → Bf. Izkaže se, da je to pomembnejše od same jakosti
polja. Ostale skupine so pri uporabi magnetne steklenice poročale o praktično 70%
učinkovitosti zbiranja elektronov [43, 63], kar je znatno višje od naše ocene, tudi če
upoštevamo le nizkoenergijske elektrone.
Glavna ovira pri uporabi elektronskega žarka kot vira za vzbujanje tarče je bila
vedno, kako najti način, na katerega bi projektile pripeljali do tarčnega območja.
To smo rešili tako, da smo elektronski vir postavili za magnetni sistem in ga usmerili
vzporedno z glavno osjo spektrometra. S tem na elektrone ne deluje magnetna sila.
Večina detektiranih elektronov se tako ni sipala na tarči, ali pa se je sipala elastično,
kar je privedlo v spektrih do prevladujočega elastičnega vrha; kar nekaj bolj ali manj
gladkega ozadja so prispevali elektroni, ki so prispeli skozi magnet z nižjimi kinetič-
nimi energijami. Povečevanje toka na katodi bi, poleg preobremenitve detektorja,
privedlo do večjega števila lažnih koincidenc in bi otežilo analizo rezultatov. Pri več
kot enem dogodku na pulz je namreč nemogoče rekonstruirati, iz katerega od njih
je prišel kateri od elektronov. Zaradi tega smo eksperiment poganjali na spodnji
meji delovanja, s čimer smo dobili okoli 0,02 elektrona na pulz in tako nekaj odstot-
kov verjetnosti za vzbuditev reakcije pri prehodu elektronov skozi argon pri pritisku
10−2 mbar. Za višjo hitrost zbiranja bi bilo namesto tega bolje povečati frekvenco
pulzov s trenutnih 70 kHz, kar je omejitev visokonapetostnega stikala.
Za vir elektronov smo predelali že obstoječo elektronsko puško, tako da smo s
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česanjem žarka preko tanke reže dobili pulze dolžine 1 ns. S previdnim načrtovanjem
povezave med stikalom in deflektorji bi se lahko znebili šuma ter prenihajev v na-
petosti na deflektorjih in s tem prišli do še krajših in bolje definiranih elektronskih
pulzov. Za še krajše gruče bi bilo potrebno popolnoma spremeniti koncept proi-
zvajanja pulzov. V zadnjih letih je prišlo do razvoja ultra-hitrih elektronskih virov
(dolžina pulza ∼ 60 ps) z uporabo laserja VUV, ki obstreljuje tanko zlato fotokatodo.
Izbite elektrone nato le pospešijo in fokusirajo s primernim lečjem [60].
Glavna prednost uporabe elektronskega vzbujanja je zmožnost izvedbe poskusov
v domačem laboratoriju brez selitve celotne postavitve na sinhrotronsko merilno
linijo, kjer je čas za meritve vedno omejen. Poleg tega lahko z obstreljevanjem tarče
z elektroni dosežemo večji nabor končnih stanj, saj prehodov ne omejujejo pravila
za dipolni prehod. Naš laboratorij ima tudi vir pospešenih protonov oziroma ionov,
ki bi ga lahko potencialno tudi uporabili kot vir vzbujanja. Takšnega pristopa v
literaturi tudi še nismo zasledili. Ker je masa protonov in s tem njihov ciklotronski
radij za nekaj velikostnih redov višji kot za elektron z enako hitrostjo, bi lahko
mogoče projektile pripeljali na tarčno območje kar v prečni smeri in se s tem izognili
delu ozadja in obremenitvi detektorja zaradi direktnih zadetkov projektilov.
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